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                                                             ABSTRACT  
 
Reduction of Aromatic Compounds Using Raney Ni-Al Alloy in Water 
 
 
Utilization of water as a chemical reagent such as a hydrogen and oxygen source or an 
alternative to organic solvents is an essential aspect of Green Chemistry. An aqueous medium as 
a solvent for organic reactions has many advantages from the viewpoint of cost, safety, ease of 
handling and the environment, in comparison to the use of organic solvent. It is informed that 
carbonyl group is reduced to the corresponding methylene units by using commercially available 
Raney Ni–Al alloy in water in the sealed tube under mild reaction conditions. Benzophenone is 
easily reduced to diphenylmethane in high yield at 60 °C for 3 h using Raney Ni–Al alloy. 
Moreover, Al powder and Pt/C co-catalyst is added to Raney Ni–Al alloy to increase the 
catalytic activity for the reduction of aromatic rings of benzophenone. It is observed that 80 °C 
for 18 h is good condition for the reduction of both aromatic rings of benzophenone. 
Furthermore, the 4-substituted benzophenones showed the high yields of carbonyl group 
reduction as well as both aromatic ring reduction products by using above catalysts and reaction 
conditions. On the other hand, Raney Ni–Al alloy with Al powder is reported as best catalyst for 
the reduction of alkyne group of phenylacetylene to the corresponding ethylbenzene for 6h. 
Beside this, Raney Ni–Al alloy, Al powder and Pt/C at 60 °C for 12 h are effective for the 
reduction of aromatic ring of phenylacetylene. On the other hand, in water, Al powder becomes a 
powerful reducing agent, transforming in cyclohexyl either one or both benzene rings of 
aromatic compounds such as biphenyl, fluorene and 9,10-dihydroanthracene under mild reaction 
conditions in the presence of noble metal catalysts  such as Pd/C, Rh/C, Pt/C or Ru/C. The 
reaction is carried out in a sealed tube, without the use of any organic solvent, at low 
temperature. Partial aromatic ring reduction was observed when Pd/C, the reaction condition 
being 24 h and 60 °C. The complete reduction process of both aromatic rings required 12 h and 
80 °C with Al powder in the presence of Pt/C. Al powder with noble metal catalyst in water 
generates hydrogen gas and the active catalyst’s surface to give selective reduction as well as the 
complete reduction of aromatic compound. In this thesis the carbonyl group, alkyne group and 
aromatic ring are hydrogenated in high yield in water under mild reaction condition by 
heterogeneous catalytic hydrogenation. Without using any organic solvent and any special 
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1. 1. Introduction  
 
The most useful and widely applicable method for the reduction of chemical substances is 
the catalytic hydrogenation. It has found numerous applications in organic synthesis in 
research laboratories and industrial processes. From the earliest stages almost all catalytic 
hydrogenations have been accomplished using heterogeneous catalysts. Homogeneous 
catalysts have been further developed and have extended the scope of catalytic 
hydrogenation, in particular, for highly selective transformations. However, heterogeneous 
catalysts today continue to have many advantages over homogeneous catalysts, such as in the 
stability of catalyst, ease of separation of product from catalyst, a wide range of applicable 
reaction conditions and high catalytic ability for the hydrogenation of hard-to-reduce 
functional groups such as aromatic nuclei and sterically hindered unsaturations and for the 
hydrogenolyses of carbon-carbon bonds. Also, many examples are included here where 
highly selective hydrogenations have been achieved over heterogeneous catalysts, typically 
in collaboration with effective additives, acids and bases, and solvents. 
 
1. 2. Hydrogenation Catalysts 
 
For the hydrogenation, heterogeneous transition metal catalysts are usually employed in 
the states of metals, oxides, or sulfides that are either unsupported or supported. The physical 
form of a catalyst suitable for a particular hydrogenation is determined primarily by the type 
of reactors, such as fixed-bed, fluidized-bed, or batch reactor. For industrial purposes, 
unsupported catalysts are seldom employed since supported catalysts have many advantages 
over unsupported catalysts. One exception to this is Raney-type catalysts, which are 
effectively employed in industrial hydrogenations in unsupported states. In general, use of a 
support allows the active component to have a larger exposed surface area, which is 
particularly important in those cases where a high temperature is required to activate the 
active component. At that temperature, it tends to lose its high activity during the activation 
process, such as in the reduction of nickel oxides with hydrogen, or where the active 
component is very expensive as are the cases with platinum group metals. Unsupported 
catalysts have been widely employed in laboratory use, especially in hydrogenations using 
platinum metals. Finely divided platinum metals, often referred to as “blacks,” have been 
preferred for hydrogenation on very small scale and have played an important role in the 
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transformation or the determination of structure of natural products that are available only in 
small quantities. The effect of an additive or impurity appears to be more sensitive for 
unsupported blacks than for supported catalysts. This is also in line with the observations that 
supported catalysts are usually more resistant to poisons than are unsupported catalysts.1 
Noble metal catalysts have also been employed in colloidal forms and are often recognized to 
be more active and/or selective than the usual metal blacks, although colloidal catalysts may 
suffer from the disadvantages due to their instability and the difficulty in the separation of 
product from catalyst. It is often argued that the high selectivity of a colloidal catalysts 
results from its high degree of dispersion. However, the nature of colloidal catalysts may 
have been modified with protective colloids or with the substances resulting from reducing 
agents.  
Supported catalysts may be prepared by a variety of methods, depending on the nature of 
active components as well as the characteristics of carriers. An active component may be 
incorporated with a carrier in various ways, such as by decomposition, impregnation, 
precipitation, coprecipitation, adsorption or ion exchange. Both-low and high surface area 
materials are employed as carriers. 
 
1. 2. a. Nickel Catalysts 
 
The preparation and activation of unsupported nickel catalysts have been studied by 
numerous investigators.2 As originally studied by Sabatier and co-workers,3 nickel oxide free 
from chlorine or sulfur was obtained by calcinations of nickel nitrate. The temperature at 
which nickel oxide is reduced by hydrogen greatly affects the activity of the resulting catalyst. 
There is a considerable temperature difference between the commencement and the 
completion of the reduction. According to Senderens and Aboulenc,4 reduction commences 
at about 300 °C but the temperature must be raised to 420 °C for complete reduction, 
although insufficiently reduced nickel oxides are usually more active than completely 
reduced ones. On the other hand, Sabatier and Espil observed that the nickel catalyst from 
nickel oxide reduced at 500 °C and kept for 8 h at temperatures between 500 to 700 °C still 
maintained its ability to hydrogenate the benzene ring.5 Benton and Emmett found that, in 
contrast to ferric oxide, the reduction of nickel oxide was autocatalytic and that the higher the 
temperature of preparation, the higher the temperature necessary to obtain a useful rate of 
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reduction, and the less the autocatalytic effect.6 Although the hydroxide of nickel may be 
reduced at lower temperatures than nickel oxide,4 the resulting catalyst is not only unduly 
sensitive but also difficult to control. When applied to phenol, it tends to produce 
cyclohexane instead of cyclohexanol.7 Although supported catalysts may require a higher 
temperature for activation with hydrogen than unsupported ones, they are much more stable 
and can retain greater activity even at higher temperatures. Thus, reduced nickel is usually 
employed with a support such as kieselguhr for practical use. 
 
1. 2. a. (i) Reduced Nickel  
 
Many investigators, in particular, kelber,8 Armstrong and Hilditch9 and Gauger and 
Taylor,10 have recognized that nickel oxide when supported on kieselguhr gives much more 
active catalysts than an unsupported one, although the reduction temperature required for the 
supported oxide (350–500 °C) is considerably higher than that required for the unsupported 
oxide (250–300 °C). Gauger and Taylor studied the adsorption capacity of gases on 
unsupported and supported nickel catalysts prepared by reducing the nickel oxide obtained 
by calcining nickel nitrate at 300 °C. The adsorptive capacity of hydrogen per gram of nickel 
was increased almost 10-fold when supported on kieselguhr (10% Ni), although hydrogen 
reduction for more than one week at 350 °C or 40 min at 500 °C was required for the 
supported catalysts, compared to 300 °C or rapid reduction at 350 °C  for the unsupported 
oxide. Adkins and co-workers11–13 studied in details the conditions for the preparation of an 
active Ni–kieselguhr catalyst by the precipitation method, which gave much better catalyst 
than those deposited by decomposing nickel nitrate on kieselguhr. Their results led to the 
conclusions that 
1) nickel sulfate, chloride, acetate or nitrate may be used as the source of nickel, provided the 
catalyst is thoroughly washed, although the nitrate is preferred because of the easiness in 
obtaining the catalyst free of halide or sulfate (industrially, however, the sulfate is used by far 
in the largest quantities because it is the cheapest and most generally available14). 
 
2) for the carbonate catalysts, the addition of the precipitant to the soluble nickel compound 
on kieselguhr gives better results than if the reverse order is followed i.e., the addition of the 
soluble nickel compound on kieselguhr to the precipitant; and 
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3) with potassium hydroxide as the precipitant, the resulting catalyst is somewhat inferior to 
the carbonate catalysts prepared with sodium carbonate or bicarbonate, and ammonium 
carbonate is in general the most satisfactory precipitant.  
 
1. 2. a. (ii) Nickel from Nickel Formate 
 
Nickel formate usually occurs as dehydrate. When it is heated, it first loses water at about 
140 °C and then starts to decompose at 210 °C to give a finely divided nickel catalyst with 
evolution of a gas mixture composed mainly of carbon dioxide, hydrogen and water.14 The 
main reaction is expressed as in eq.1.1 and some of nickel formate may be decomposed 
according to the reaction in eq.1.2.15–17 
 
Ni(HCOO)2  . 2H2O
Ni(HCOO)2  . 2H2O
Ni + 2CO2+ H2+ 2H2O                         (1.1)
Ni + CO + CO2+ 3H2O                        (1.2)
 
          
Thus an active nickel catalyst may be prepared simple by heating the formate in oil at around 
240 °C for about 1 h. This method has been employed in the oil-hardening industry for the 
preparation of a wet-reduced catalyst,18 although the decomposition temperature is too high 
for normal oil-hardening and the catalyst may not be prepared directly in a hydrogenation 
tank, particularly for edible purposes. Nickel formate is prepared by the reaction between 
nickel sulfate and sodium formate,19 or the direct reaction of basic nickel carbonate20 or 
nickel hydroxide with formic acid. 
 
1. 2. a. (iii) Raney Nickel 
 
In 1925 and 1927 Raney patented a new method of preparation of an active catalyst from 
an alloy of a catalytic metal with a substance that may be dissolved by a solvent that will not 
attack the catalytic metal. First a nickel–silicon alloy was treated with aqueous sodium 
hydroxide to produce a pyrophoric nickel catalyst. Soon later, in 1927, the method was 
improved by treating a nickel–aluminum alloy with sodium hydroxide solution because the 
preparation and the pulverization of the aluminum alloy were easier. Some of most 
commonly used proportions of nickel and aluminum for the alloy are 50% Ni–50% Al, 42% 
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Ni–58% Al, and 30% Ni–70% Al. The nickel catalyst thus prepared is highly active and now 
widely known as Raney Nickel, which is today probably the most commonly used nickel 
catalyst not only for laboratory uses but also for industrial application.21 
 
1. 2. a. (iv) Urushibara Nickel 
 
Urushibara nickel catalysts22 are prepared by activating the finely divided nickel deposited 
on zinc dust from an aqueous nickel salt, by either an alkali or an acid. A uniform deposition 
of finely divided nickel particles on zinc dust, which is obtained by the rapid addition of a 
concentrated aqueous solution of nickel chloride to a suspension of zinc dust in water at a 
temperature near 100 °C with efficient stirring during the addition, leads to a catalyst of high 
activity with the subsequent activation by caustic alkali or an acid such as acetic acid.23–24 
The activation process by alkali or acid has been assumed to involve the dissolution of the 
basic zinc chloride, which has been produced on an active nickel surface during the reaction 
of zinc dust with nickel chloride in water, as presumed from the dissolution of a large 
quantity of chloride ion by treatment with caustic alkali and by comparison of the X–ray 
diffraction patterns of nickel–zinc powders before and after treatment.25 This assumption was 
later shown to be  totally valid by Jacob et al. by means of X–ray photoelectron spectroscopy 
(XPS), X–ray diffraction, scanning electron microscopy (SEM) combined with X–ray energy 
dispersion (EDX), and wet chemical analysis.26 The Urushibara catalyst obtained  by 
activation with a base is abbreviated as U–Ni–B and the catalyst obtained with an acid as U–
Ni–A. It is noted that U–Ni–A contains a much smaller amount of zinc (0.5g/g Ni) than U–
Ni–B (5g/g Ni) and is advantageous over U–Ni–B in those hydrogenations where the 
presence of alkali should be avoided. An interesting application of U–Ni–A is seen in the 
synthesis of N–arylnitroes by hydrogenation of an aromatic nitro compound in the presence 
of an aldehyde. 
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160 ml EtOH/30 ml H2O
24 oC,041 MPa H2,8.5 h
*Urushibara Ni prepared using aqueous AcOH





1. 2. a. (v) Nickel Boride 
 
Paul et al. prepared an active nickel catalysts by reducing nickel salts such as nickel 
chloride or nickel acetate with sodium or potassium borohydride.27 The products thus 
obtained are neither magnetic nor pyrophoric and do not dissolve as quickly as Raney Ni in 
hydrochloric acid or potassium triiodide, and showed an activity comparable to or slightly 
inferior to Raney Ni, as examined in the hydrogenation of safrole, furfural and benzonitrile at 
room temperature and atmospheric pressure. Usually, the catalyst from nickel acetate was 
slightly more active than that from nickel chloride. In the hydrogenation of safrole, the 
catalysts exhibited greater resistance to fatigue than Raney Ni in a series of 29 
hydrogenations. The average composition of the catalysts deviated very little from a content 
of 7–8% boron and 84–85% nickel, which correspond to the formula of Ni2B. Hence, the 
catalysts have been denoted nickel borides. A more active catalyst was obtained by 
introduction of an alkali borohydride into the solution of the nickel salt, since the formation 
of nickel boride was always accompanied by decomposition of the alkali borohydride 
according to eq. 1.4. The overall reaction is formulated as in eq. 1.5, although the boron 
content of the products have been reported to vary with the ratio of reactants used in 
preparation.28–29 
 
NaBH4 + 2H2O NaBO2 + 4H2                                            (1.4)
2Ni(OAc)2 + 4NaBH4 + 9H2O Ni2B + 4NaOAc +3B(OH)3  +12.5 H2       (1.5)  
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1. 2. b. Cobalt Catalysts 
 
Cobalt catalysts have been used not so widely as nickel catalysts in the usual 
hydrogenations but their effectiveness over nickel catalysts has often been recognized in the 
hydrogenation of aromatic amines and nitriles to the corresponding primary amines and also 
in Fischer–Tropsch synthesis.30 The catalytic activity of reduced cobalt31–32 and a properly 
prepared Raney Co33 is even higher than those of the corresponding nickel catalysts in the 
hydrogenation of benzene. The methods of preparation for cobalt catalysts are very similar to 
those used for the preparation of nickel catalysts. 
 
1. 2. b. (i) Reduced Cobalt 
 
The temperature required for the reduction of cobalt oxides to the metal appears to be 
somewhat higher than for the reduction of nickel oxide. The catalyst with a higher catalytic 
activity is obtained by reduction of cobalt hydroxide or basic carbonate than by reduction of 
the cobalt oxide obtained by calcinations of cobalt nitrate, as compared in the decomposition 
of formic acid.34 Winans obtained good results by using a technical cobalt oxide activated by 
freshly calcined powdered calcium oxide in the hydrogenation of aniline at 280 °C and an 
initial hydrogen pressure of 10 Mpa.35 
 
1. 2. b. (ii) Raney Cobalt 
 
Raney Co was studied lower compared to the Raney Ni catalysts because of their lower 
activity and higher cost of Raney Co. For these reasons Raney Co have found limited 
laboratory uses as well as industrial applications. In early studies, the preparation and use of 
Raney Co catalysts were described by Faucounau,36 Dupont37 and Signaigo.38 Faucounau 
prepared the catalyst by treating 47% Co–Al alloy with an excess of 30% sodium hydroxide 
below 60 °C until no more hydrogen was evolved (12 h). The resulting catalyst was used at 
100 °C and 10MPa H2 for hydrogenation of olefinic compounds, aldehydes, ketones and 
aromatic side chain linkages; at 200 °C the benzene nucleus could be reduced. Dupont and 
Piganiol obtained a catalyst of improved activity for the hydrogenation of limonene and 
alloocimene, but the activity was still only about 1/400th of that of Raney Ni as compared in 
the hydrogenation of alloocimene under ordinary conditions. Signai developed a 50% Co–
Ummey Rayhan                                                                                                    Saga University, Japan 
- 9 - 
 
50% Al alloy by adding a concentrated sodium hydroxide solution to a suspension of the 
alloy in water under boiling conditions, and employed the catalyst for the hydrogenation of 
dinitriles to diamines in high yield at 10–13 MPa H2. 
 
1. 2. b. (iii) Cobalt Boride 
 
Cobalt boride catalysts have been shown to be highly active and selective in the 
hydrogenation of nitriles to primary amines.39–40 Barnett used Co boride (5%) supported on 
carbon for the hydrogenation of aliphatic nitriles and obtained highest yields of primary 
amines among the transition metals and metal borides investigated including Raney Co.40 An 
example of the hydrogenation of propionitrile in isopropyl alcohol over cobalt boride(5% on 
C) in the presence of 15:1 molar ratio of ammonia to the nitrile gave propylamine in a high 
yield of 99%. 
CH3CH2CN CH3CH2CH2NH2
99%13.8 g (0.25 mol) 300 ml i-PrOH-NH3 (NH3: nitrile 15:1)
           70 oC, 0.2 MPa H2, 26 h




1. 2. b. (iv) Urushibara Cobalt 
 
Urushibara Co catalysts can be prepared exactly in the same way as the corresponding Ni 
catalysts, using cobalt chloride hexahydrate instead of nickel chloride hexahydrate as starting 
material. Similarly as with Raney catalysts, Urushibara Co has been found to be more 
effective and selective than Urushibara Ni in the hydrogenation of nitriles, affording high 
yields of primary amines.41–42 
 
1. 2. c. Copper Catalysts 
 
For hydrogenation catalyst, unsupported reduced copper is usually not active and tends to 
loss its activity at high temperatures. Sabatier prepared an active unsupported copper catalyst 
by slow reduction of black tetracupric hydrate with hydrogen at 200 °C.43 Sabatier and 
Senderens originally claimed that benzene could not be hydrogenated over copper catalyst,44 
while Pease and Purdum were successful in transforming benzene into cyclohexane at 140 °C 
over an active copper catalyst obtained by slow reduction of the oxide in hydrogen at an 
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initial temperature of 150 °C and finally heated to 300 °C.45 According to Ipatieff et al., the 
hydrogenating activity of reduced copper is very dependent on the presence of traces of 
impurities, especially of nickel.46 Pure copper catalyst prepared from precipitated hydroxide 
or basic carbonate and containing not less than 0.2% of oxygen catalyzed the hydrogenation 
of benzene with difficulty at 225 °C and ordinary pressure, but it readily hydrogenated 
benzene at 350 °C and a hydrogen pressure of 15 MPa. On the other hand, the copper catalyst 
containing 0.1% of nickel oxide readily hydrogenated benzene at 225 °C under normal 
pressure. Thus copper catalysts are almost completely inactive towards the hydrogenation of 
benzene under usual conditions.31–32 However, copper catalysts are known to be highly 
selective, as in partial hydrogenation of polynuclear aromatic compounds such as anthracene 
and phenanthrene and also in the selective hydrogenation of nitrobenzene to aniline without 
affecting the benzene nucleus.47–49 
 
1. 2. d. Iron Catalysts 
 
Iron catalysts have found limited use in usual hydrogenations, although they play 
industrially important roles in the ammonia systhesis and Fischer–Tropsch process. Iron 
catalysts have been reported to be selective for the hydrogenation of alkynes to alkenes at 
elevated temperatures and pressures. Raney Fe, which was inert for the hydrogenation of 
olefins, was effective for the semi hydrogenation of acetylenes was reported by Paul and 
Hilly.50 The absorption of hydrogen ceased spontaneously after the uptake of 1 equiv. Thus, 
over Raney Fe, hydrogenations of 1-heptyne (135 °C and 5.2 MPa H2) and 1-octyne (100 °C 
and 6.2 MPa H2) afforded the corresponding 1-alkenes in 90 and 85% yields, respectively. 
Thompson, Jr. and Wyatt also studied the use of Raney Fe in the partial hydrogenation of 
acetylenes.51 Although diphenylacetylene was hydrogenated to dithenylmethane at 100 °C 
and 6.9 MPa H2, 2,5-dimethyl-3-hexyne-2,5-diol was hydrogenated nearly quantitatively to 
the corresponding olefin at 150 °C and 9.7 MPa H2 (Eq 1.7). 
                           












                50 ml EtOH
 150 oC, 9.7 MPa H2, overnight
4 g ( 79% )
(1.7)
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Reppe et at. hydrogenated 2-butyne-1,4-diol over an iron catalyst, prepared by 
decomposition of pentacarbonyliron, in water at 50 °C and 10 MPa H2 and obtained 2-
butene-1,4-diol in 90% yield, by interrupting the reaction at the uptake of hydrogen 
corresponding to 1equiv (eq 1.8),52 
 
HOH2CC CCH2OH HOH2CHC CHCH2OH
50 g  Fe from Fe(CO)5
50 oC, 10 MPa H2, 1 mole H2
150 g ( 89% )
(1.8)
500 gm of 33% aq.solution
      (165 g, 1.92 mol )
 
 
Taira hydrogenated 2-butyne-1,4-diol using Urushibara Fe as catalyst in ethanol at 80–100 
°C and initial hydrogen pressure of 5–7 MPa until the hydrogen uptake ceased and obtained 
cis-2-butene-1,4-diol in 70-75% yield.(eq 1.9)53 
 
HOH2CC CCH2OH
4.3 g (0.05 mol)
2g Urushibara Fe*
                50 ml EtOH
80-105 oC, 5 MPa H2,(at 23 oC), 2.2 h
* Prepares from the reaction of FeCl3 with










1. 2. e. Platinum Group Metal Catalysts 
 
The platinum group metals such as ruthenium, rhodium, palladium, osmium, iridium and 
platinum all have been used as hydrogenation catalysts. Platinum appears to be the first 
transition metal that was used as a catalyst for hydrogenation. In as early as 1863, Debus 
found that methylamine was produced by passing hydrogen cyanide vapor, mixed with 
hydrogen, over a platinum black.54 Among the platinum metals, platinum and palladium have 
been by far the most widely used catalysts since the earliest stages of the history of catalytic 
hydrogenation. A characteristic feature of these metals is that they are active under very mild 
conditions, compared to the base metals, and have been conveniently used in the liquid-phase 
hydrogenation at room temperature and atmospheric or only slightly elevated pressure of 
hydrogen. Willstatter and Hatt found that benzene was hydrogenated to cyclohexane over a 
platinum black at room temperature and atmospheric pressure in acetic acid or without 
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solvent.55 Since then a number of aromatic nuclear hydrogenations have been made using 
platinum catalysts at room temperature and low hydrogen pressure. On the other hand, since 
early the twentieth century palladium catalysts have been widely employed for the selective 
hydrogenation of acetylenic and olefinic compounds under mild conditions. Ruthenium and 
rhodium had found little attention until the mid-1950s, but since then they have been widely 
used as highly active and selective catalysts for the hydrogenation of various compounds, in 
particular, for aromatic nuclear hydrogenations. Osmium and iridium have found much less 
use than the four metals mentioned above, although high selectivity has often been 
recognized with these catalysts in some hydrogenations. 
 
Platinum metal catalysts have been employed either in the form of unsupported fine 
particles of metal, usually referred to as blacks or in the state supported on an inert porous or 
nonporous material. Unsupported catalysts may also be prepared in a colloidal form by 
liberating metal in the presence of a suitable protective colloid. Unsupported catalysts still 
find wide use in laboratory hydrogenations and are preferred particularly in small scale 
hydrogenation where loss of product should be avoided. On the other hand, supported 
catalysts have many advantages over unsupported catalysts. Supports permit greater 
efficiency in the use of an expensive metal by giving a larger exposed active surface and in 
some cases may facilitate metal recovery. Further, supported catalysts usually have a greater 
resistance to poisoning and are more stable at elevated temperatures and/or pressures. The 
activity and/or selectivity of a supported catalyst, however, may depend greatly on the 
physical and chemical nature of the support used. Most of the platinum metal catalysts 
supported on carbon or alumina are commercially available. 
 
1. 2. f. Rhenium Catalysts 
 
At the beginning of 1951 Broadbent and coworkers published the attractive catalytic 
properties of Rhenium catalysts in hydrogenation.56 Before that this catalyst had found little 
attention. The first paper was appeared in 1954.57 Some characteristic properties of rhenium 
catalysts are seen, such as in the selective hydrogenation of α, β-unsaturated aldehydes to 
unsaturated alcohols, the hydrogenation of carboxylic acids to alcohols, and the 
hydrogenation of carboxamides to amines. Rhenium also plays an important role, together 
with platinum, in a reforming process known as rheniforming.58 Ammonium perrhenate 
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NH4ReO4 or rhenium heptoxide Re2O7 are usual convenient starting materials for the 
preparation of the catalysts. 
 
1. 2. g. The Oxide and Sulfide Catalysts of Transition Metals other than Rhenium 
 
Related to hydrogenation and hydrogenolysis the transition metal oxides or sulfides 
catalyzed various reactions, although at relatively high temperatures and pressures. 
Compared to metallic catalysts, they are resistant to poisons and stable at high temperatures. 
Industrially, they are often used as mixed oxides or sulfides. For example, the most common 
catalyst used in the hydrodesulfurization process is a mixture of cobalt and molybdenum 
oxides supported on γ-alumina, which is sulfide before use. Nickel-molybdenum and nickel-
tungsten oxides are also known as effective catalyst systems for this process.59 Molybdenum 
sulfides are active for the hydrogenolysis of aldehydes, ketones, phenols and carboxylic acids 
to the corresponding hydrocarbons60 and also effective for the hydrogenolysis of sulfur-
containing compounds. The sulfides of the platinum metals have been found to be active at 
lower temperatures than required for the base metal sulfides. They are insensitive to poisons 
and have proved particularly useful for hydrogenations in the presence of impurities, for the 
hydrogenation of sulfur-containing compounds, and for selective hydrogenation of halogen-
containing aromatic nitro compounds.61 
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2. 1. Reactors 
 
Catalytic hydrogenations are performed in either the gas or liquid phase in reactors for 
either flow or batch systems. The physical form of a catalyst is determined by the reactor in 
which it is used. Usually coarse particles or monolithic structures are used in fixed-bed 
reactors, while fine particles are preferred in fluidized-bed, bubbling column, and batch 
reactors. The reactors for batch systems are usually equipped with an efficient stirring device. 
Ultrasonic irradiation has been reported to be effective for activating catalysts, preparing 
active catalysts, or accelerating hydrogenations.1–5 Komarewsky et al. give a comprehensive 
article on various reactors for atmospheric, subatmospheric and superatmospheric reactions.6–
9
 There are many other good descriptions of hydrogenation reactors in the literature including 
here.10–21 
 
2. 2. Reaction Conditions 
 
The successful performance of a catalytic hydrogenation depends on a suitable choice of 
reaction conditions, in particular, the choice of catalyst and its amount, temperature, 
hydrogen pressure, and solvent. Hydrogenation catalysts are also subject to deactivation or 
promotion by various substances that are referred to as inhibitors (or poisons) or promoters, 
respectively. In some cases the impurities of the substrate to be hydrogenated or the product 
may become a factor that retards the hydrogenation, usually in a later stage of the reaction. 
 
2. 2. a. Inhibitors and Poisons 
 
Various types of substances have been known to retard hydrogenation or prevent it from 
going to completion. These substances are referred to as inhibitors or poisons, although there 
appears to be no distinct difference between them. Customarily poisons may be regarded as 
those substances that exert a marked inhibitory effect when present in small amounts, 
irrespective of the nature of catalyst and substrate, and cannot be removed easily. Inhibitors 
usually cause different degrees of deactivation depending on catalyst and substrate, and 
retard hydrogenation seriously only when present in appreciable concentration. They may be 
removed often by mere washing. 
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  Maxted classified from a large body of experiments the poisons for metallic catalysts into 
three classes of substance: (1) the compounds of groups VA and VIA (or groups 15 and 16) 
elements with at least one unshielded electron pair; (2) heavy metal and metal ions 
possessing the outer d shells, each of which is occupied entirely by at least one electron; and 
(3) certain compounds or ions with multiply unsaturated bonds.22 Typical example of toxic 
structures of groups VA and VIA elements are shown in Table 1 in comparison with the 
corresponding nontoxic counterparts. Phosphite and hypophosphite ions show inhibitory 
effects in spite of their shielded structure. 
 
  Ruthenium and rhodium are more susceptible to inhibition by hydrogen halides than are 
platinum and palladium. Under mild conditions ruthenium is inhibited even by acetic acid, 
which is generally a good solvent for hydrogenations over rhodium, palladium and platinum. 
Hydrogen chloride may become an inhibitor for rhodium catalyzed hydrogenations. 
Freifelder has shown that hydrochloric acid is a strong inhibitor for the hydrogenation of 
toluene and benzoic acid in methanol over 5% Rh–C or Rh–Al2O3, although in rather large 
quantities (0.1 mol for 0.1 mol of the substrate).23 Dry hydrogen chloride may become an 
inhibitor even for platinum and palladium, as observed by Freifelder in the hydrogenation of 
cyclohexene in absolute ethanol.24 The hydrogenation over rhodium was inhibited seriously 
by the addition of hydrobromic acid. The stereo selectivity of the hydrogenation of 3-oxo-4-
ene steroids to 3-oxo-5β steroids over palladium catalyst is increased by addition of 
hydrochloric acid or better by hydrobromic acid.25 Hydrobromic acid in tetrahydrofuran 
functions much more effectively than in an alcohol and it is as effective as or even more 
effective than the hydrobromic acid in acetic acid.26 Probably, the amounts of hydrobromic 









NH3, RNH2, Py, quinoline
PH3, R3P, Ph3P, HPO32-, H2PO-
O2, (OH-)α, (RO-)α
H2S, RSH, R2S, RSSR, R-SO-R, SO32-
H2Se, R2Se, SeO32-







αWeakly toxic or nontoxic depending on the nature of catalyst and substrate.
Table 1. Toxic and nontoxic structures of group VA and VIA elements
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acid required for obtaining an optimal selectivity would be smaller in tetrahydrofuran than in 
acetic acid. The hydrogenation is slower in the presence of hydrobromic acid than in the 
presence of hydrochloric acid and is completely inhibited by the addition of hydroiodic acid. 
The hydrogenation of 2- or 4-stilbazole methiodides (1) to the corresponding 
phenethylpiperidines proceeded smoothly over platinum oxide in methanol.27   






 Pt oxide/4 H2
         MeOH





                               
In contrast, Pd–C was completely and irreversibly poisoned by small amounts of iodide 
ion. From the results described above, it may be concluded that the degree of inhibition by 
hydrogen halides (or halide ions) increases in the order HCl < HBr << HI and the 
susceptibility of platinum metals to the inhibition decreases in the order Ru > Rh > Pd > Pt. 
The inhibitory effect of nitrogen bases greatly depends on the structure of the bases and the 
substrate as well as the solvent employed in hydrogenation. Ammonia was a far more strong 
poison than cyclohexylamine or dicyclohexylamine in the hydrogenation of aniline over 
ruthenium and rhodium catalysts in isopropyl alcohol, although ruthenium was more resistant 
to poisoning by ammonia than rhodium.28  
Excellent examples of the use of nitrogen bases as catalyst poisons are seen in the selective 
hydrogenation of alkynes to alkenes. Quiniline is probably the base that has been most often 
employed for catalyst poisons. In this selective hydrogenation, the nitrogen base effectively 
inhibits the hydrogenation of alkenes to alkanes without lowering seriously the rate of 
hydrogenation of alkynes. The Lindlar catalyst, one of the most effective catalysts systems 
for this selective hydrogenation, uses a combination of two catalyst poisons, lead acetate and 
quinoline. It is noted that the Lindlar catalyst should be used in aprotic solvents since its 
effectiveness may be reduced in hydroxylic solvents.29 
  Sulfur compounds with unshielded electron pairs are strong poisons for metallic catalysts 
in hydrogenation of almost all types of substrate. Horner et al. studied the effects of various 
poisons compounds in the hydrogenation of cyclohexene over nickel catalyst in methanol.30 
Thiols, sulfides, thiocyanates, thioureas, thioacids, thiophenols, thiophene and thiolane and 
similar cyclic thioethers were all shown to be highly poisonous. It is of interest that thiophene 
was less poisonous than thiolane. Unexpectedly, dodecyl methyl sulfoxide, with an 
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unshielded electron pair, did not show a markedly inhibitory effect, although dibenzyl 
sulfoxide was a mild inhibitor. It has been suggested that the inhibitory effect of dibenzyl 
sulfoxide might be due to the thioether formed from the sulfoxide by slow hydrogenation. 
Sodium benzenesulfinate was an inhibitor. Sodium sulfide was a weaker poison than sodium 
polysulfide. The poisoning by sulfur compounds has been utilized in the Rosenmund 
reduction of acid chlorides to aldehydes. Overhydrogenation of the aldehydes produced from 
acid chlorides has been effectively depressed by poisoning the catalyst, usually Pd–BaSO4, 
with a sulfur containing material such as quinoline-S, thioquinanthrene, phenylisothiocyanate 
or thiourea. Addition of bis (2-hydroxyethyl) sulfide to platinum catalyst has been shown to 
be as effective as sulfide platinum catalysts for the hydrogenation of halonitrobenzenes to 
haloanilines without dehalogenation. 
  The poisoning by oxygen functions is not always observed and depends largely on the 
nature of catalysts as well as on the structure of the oxygen compounds. Oxidized products 
contained in olefins and ethers may have inhibitory effects on platinum metal catalysts, 
particularly on hydrogenations over rhodium, palladium and platinum. To obtain 
reproducible results, careful purification of olefins by distillation or passage through a 
column of alumina or silica has been recommended.31 Hydrogenation of unpurified methyl 
linolenate over palladium catalysts is often selectively hydrogenated to methyl 
octadecenoates, with practically no further hydrogenation to methyl stearate.32 Ethers usually 
contain inhibitors resulting from oxidized products and must be purified before used as a 
solvent for hydrogenations over the platinum metals except ruthenium. Tetrahydrofuran can 
be purified conveniently by drying and then distilling from lithium aluminium or by treating 
with a ruthenium catalyst and hydrogen until no more hydrogen has been absorbed, followed 
by distillation over sodium.33 
 
2. 2. b. Temperature and Hydrogen Pressure 
 
Use of elevated temperatures and pressures is usually favorable for increasing the rates of 
hydrogenation and hence shortening the reaction time. The amounts of catalyst to be used 
may also be reduced under these conditions, unless the catalyst is deactivated, as is often the 
case with unsupported platinum metals. Hydrogenations that proceed only slowly or not at all 
at a low temperature may be achieved successfully merely by raising the temperature (and 
also the pressure), as is usual in the hydrogenation of aromatic rings over nickel catalysts. In 
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many case the hydrogenation of aromatic and heterocyclic34 compounds has been carried out 
successfully using palladium catalysts at elevated temperatures (e.g., eqs. 2.02 and 2.03).  
 
CO2EtHO CO2EtHO
4 g  2%  Pd-SrCO3
        40 ml  dioxane
155-157 oC,15-9 MPa H2, 2 h20 g (0.12 mol) almost quantitative
CO2HHO2C CO2HHO2C
5.5 g  5%  Pd-C
        200 ml  H2O




Sterically hindered unsaturated compounds may also become susceptible to hydrogenation at 
an elevated temperature. The inhibitory effect of catalyst poisons may sometimes be 
overcome merely by raising the reaction temperature. On the other hand, hydrogenation 
under mild conditions, in particular those at ordinary temperature and pressure, are 
advantageous for monitoring the extent of conversion of substrate exactly and thus achieving 
selective hydrogenation successfully, as in selective hydrogenation of alkynes to alkenes and 
in selective hydrogenation of the carbon-carbon double bond of unsaturated carbonyl 
compounds.  
For rapid hydrogenations, care must be taken to ensure that the reaction dose not proceed 
too violently, particularly in a large-scale hydrogenation. This can be done by adjusting the 
amount of catalyst and the reaction temperature, since hydrogenations are usually highly 
exothermic, as seen from the heats of hydrogenation given in Scheme 2.1. A hydrogenation 
started at room temperature often causes a considerable rise in temperature during 
hydrogenation and an increase in the rate, which may sometimes result in catalyst 
deactivation or lower selectivity, although the rise in temperature often favors the 
hydrogenation to be carried to completion within a short time. Therefore hydrogenations that 
are reportedly carried out “at room temperature” have frequently been performed at a higher 
temperature unless an efficient system for regulating the temperature has been available. 
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2H2O 493 kJ (118 kcal)
208 kJ (49.8 kcal)
RC N 2H2 RCH2NH2 120 kJ (28.7 kcal)
RC CR
2H2





155 kJ (37 kcal)
RHC CHR
H2
RCH2CH2R 117 kJ (28 kcal)
 
Scheme 2.1 Approximate heats of hydrogenation of representative unsaturated organic 
compounds 
 
The effect of hydrogenation pressure on the rate of hydrogenation may depend on various 
factors such as the catalyst, the substrate, the reaction condition, and others. In most 
hydrogenations, however, increasing the hydrogen pressure is undoubtedly favorable for 
increasing the rate, reducing the reaction time, and an efficient use of catalyst.  
Adkins et al. studied the rate of hydrogenation of acetoacetic ester, dehydroacetic acid, 
benzene, phenol and aniline over Ni–kieselguhr at pressures from 2.7 to 35 Mpa H2.35 A 
considerable difference with respect to the effectiveness of increased hydrogen pressure in 
increasing the rate has been observed between the compounds. The hydrogenation of phenol 
and benzene (at 120 °C ) was relatively insensitive to increases in pressure, it proceeded well 
in the 3–4 MPa range, increased with pressure up to the 15–17 MPa range (~50–70% 
increase), but was not sensitive to further increase in pressure up to 33 MPa. Hydrogenation 
of acetoacetic ester (at 150 °C) was considerable more sensitive to the increase in hydrogen 
pressure. The rate of hydrogenation of aniline (in methylcyclohexane at 175 °C) was 3–4 
times as great at 19 MPa as at 3.4 MPa. However, increasing the pressure in the higher 
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ranges up to 35 MPa was not found to be particularly advantageous. The effect of pressure on 
the rate of hydrogenation of dehydroacetic acid to 4-heptanone was even greater; the rate at 
14.9 MPa was twice, and that at 32.3 MPa 4 times, as great as that at 10.8 MPa. 
Application of high pressure is in most cases indispensable for performing the 
hydrogenations over copper-chromium oxide catalysts in reasonable rates. Adkins and 
Connor observed that at an average pressure of 3.5 MPa H2 the hydrogenation of 1.73 mol of 
acetone over 1g of copper-chromium oxide at 150 °C proceeded to the extent of only 17% in 
0.5 h, while at a pressure of 14.8 MPa H2 60% of acetone was hydrogenated and the 
hydrogenation was 95% complete at 21.2 MPa H2. At the end of 1 h the percentage of 
hydrogenation was 22, 92 and 100% for the three pressures given above.36 The following 
equation (2.04) compares the hydrogenation of acetophenone at atmospheric pressure with 
that at 14.7–11.3 MPa H2.37 If we express the relative efficiency in the use of catalyst in a 
hydrogenation in terms of the reciprocal of (reaction time × amount of catalyst), the relative 
efficiency in the hydrogenation of acetophenone over 7:3 rhodium-platinum at 14.7–11.3 
MPa H2 to that at atmospheric pressure is given by (0.20 × 3.5)/(0.05 × 0.58) = 24. Thus, 
acetophenone is hydrogenated 24 times as effectively at the high pressure as at atmospheric 
pressure. It is also noted that the hydrogenation at high pressure gives a greater yield of 1-
cyclohexylethanol than at atmospheric pressure, indicating a lesser amount of hydrogenolysis 




12 g (0.1 mol)
(2.04)CH2CH3
H2 pressure(MPa)     Amount of catalyst(g)     Reaction time(h)   Yield of saturated alcohol(%)
         
       0.1                               0.20                              3.5                                 80
     
  14.7-11.3                          0.05                              0.58                               86
 
In many other cases the selectivity of hydrogenation is a function of hydrogen pressure.38 
Siegel and Smith found a marked effect of hydrogen pressure on the stereochemistry of 
hydrogenation of 1, 2-dimethylcyclohexene over Adams Pt in acetic acid at 25 °C.39 The 
cis/trans ratio of the 1, 2-dimethylcyclohexane formed increased from 4.5 at 0.1 MPa H2 to 
21 at 30 MPa H2. The effects of hydrogen pressure were quite different for 2-methyl-1-
methylene-cyclohexane and 1, 6-dimethylcyclohexene, where the cis/trans isomer ratio of the 
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1, 2-dimethylcyclohexane formed was almost independent of hydrogen pressure or slightly 
decreased with increasing hydrogen pressure. An appropriate catalyst, the reaction of catalyst 
to substrate, the temperature, the hydrogen pressure, the solvent, the additives, if necessary 
and the reaction time should be helpful for a choice of optimum conditions for performing a 
hydrogenation successfully. 
 
2. 3. Hydrogenation of Carbonyl Compounds 
 
Aldehydes and ketones are usually easily hydrogenated to the corresponding alcohols over 
most of the transition metal catalysts. The rates of hydrogenation of carbonyl compounds, 
however, depend on the nature of catalysts; the structure of compounds, such as aliphatic or 
aromatic and hindered or unhindered; the reaction medium; as well as the reaction 
conditions. Acidic, alkaline, or other additives or the impurities associated with catalyst 
preparation may greatly influence the rates of hydrogenation and in some cases the product 
selectivity and stereoselectivity. Hydrogenations of alcohols produced to give hydrocarbons 
seldom take place under mild conditions except with arylic aldehydes and ketones of ArCOR 
type, where the benzyl-type alcohols formed are further susceptible to hydrogenolysis to give 
the corresponding methylene compounds ArCH2R. Direct hydrogenation of the carbonyl 
group to the methylene may occur over some platinum metals especially under acidic 
conditions. In most cases, the reaction occurs only to minor extents or not at all, and the 
hydrogenation to give the alcohol is by far the major reaction. The hydrogenation of carbonyl 
compounds over some platinum metals in alcoholic solvents, in particular in primary 
alcohols, under acidic conditions or with a catalyst of acidic nature may be accompanied by 
the formation of acetals, which often lowers the rate of hydrogenation and may lead to the 
formation of ethers. 
 
2. 3. a. Aldehydes 
 
Aldehydes are readily hydrogenated to the corresponding alcohols over nickel and copper–
chromium oxide catalysts.40 In general, Raney Ni, especially highly active ones such as W-
6,41 are preferred to other nickel catalysts for the hydrogenations at low temperatures and 
pressures. Raney Ni may further be promoted by the addition of triethylamine41 or 
triethylamine and a small amount of chloroplatinic acid,42–43 as shown in eqs. 2.05 and 2.06. 
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2 g Raney Ni(W- 6)
        100 ml  EtOH + 2 ml Et3 N
RT(25-30 oC), 0.10-90.31 MPa H2, 
                     39  min





3 g Raney Ni(W- 6)
100 ml  EtOH + 2ml Et3 N + 0.22 mmol PtCl4




For more effective and/or larger-scale hydrogenations, use of higher temperatures and 
pressures is advantageous as in an example shown in eq. 2.0744 Supported nickel catalysts 
such as Ni-kieselguhr may also be useful at temperatures above 100 °C (eq.2.08).45 
 
408 g (4 mol)
20 g Raney Ni






88 g (1 mol)
2 g Ni-kieselguhr







Copper-chromium oxide catalyst is effective for the hydrogenation of aldehydes at a 
temperature of 125–150 °C.40 The hydrogenation of benzaldehyde over copper-chromium 
gives a high yield of benzyl alcohol even at 180 °C without hydrogenolysis to give toluene 
(eq. 2.09).46 
 
    
75 g (0.71 mol)
CHO
7 g Cu-Cr oxide
180 oC, 10-15 MPa H2, 0 h*
92%
CH2OH
* Time required after the contents of the bomb 
  reached the designated temperature.
(2.09)
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With platinum catalysts aldehydes have often been found to be difficult to reduce.47–49 
Faillebin found that pure platinum black, prepared by reduction of chloroplatinic acid with 
formalin and alkali, was a very poor catalyst for the hydrogenation of aldehydes and tended 
to give hydrogenations, while aldehydes were reduced to alcohols in excellent or quantitative 
yield over the catalyst prepared from a mixture of chloroplatinic acid and 5% of ferric 
chloride.48 Adams platinum oxide catalyst becomes inactive very quickly during the 
hydrogenation of aldehydes in 95% ethanol; only by frequent reactivation with air can the 
hydrogenation be carried to completion. However, when small amounts of ferrous or ferric 
chloride were added, hydrogenation of benzaldehyde went rapidly to completion without any 
reactivation with air (eq. 2.10).49 It has been shown that ferric chloride is first reduced to 
ferrous chloride and becomes as effective as ferrous chloride. The hydrogenation of heptanal 
was similarly accelerated markedly by the addition of ferrous chloride (eq. 2.11). Dilute 
alcohol was used as solvent for heptanal, since, on adding even very small amounts of 
ferrous chloride to solutions of heptanal in 95% ethanol, heat was evolved with acetal 
formation accompanied by polymerization. In the absence of ferrous chloride it was possible 
to hydrogenate the aldehyde only by repeated activation of the catalyst. The effect of ferrous 
chloride was interpreted to inhibit an aldehyde to rob the catalyst of the oxygen that was 
necessary for its activity.50 
 
21.2 g (0.2 mol)
CHO
0.23 g Pt oxide
CH2OH (2.10)
(2.11)
22.8 g (0.2 mol)
CH3(CH2)5CHO
50 ml 95% EtOH + 0.1mmol FeCl3
RT, 0.23-0.17 MPa H2, 20-25  min
0.23 g Pt oxide
65 ml 95% EtOH- 40ml H2O + 0.1mmol FeCl3




2. 3. b. Ketones 
 
Aliphatic and alicyclic ketones are usually hydrogenated without difficulty to the 
corresponding alcohols over most of the transition metal catalysts under relatively mild 
conditions unless the ketones are highly hindered. The rate of hydrogenation of the ketones, 
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however, greatly depends on the catalyst, the nature of the solvent, and alkaline or acidic 
additives, as well as other reaction conditions. Palladium catalysts are seldom active for the 
hydrogenation of aliphatic and alicyclic ketones except for some steroidal ketones.51 On the 
other hand, palladium is an excellent catalyst for the hydrogenation of aromatic ketones, 
although aromatic ketones may be susceptible to hydrogenolysis to give the corresponding 
methylene compounds, and to obtain the corresponding alcohols selectively, the catalyst and 
the reaction conditions must be carefully selected. Raney Nickel, especially freshly prepared 
and highly active catalysts such as W-6,41 W-7,52 and T-4,53 is effective for the hydrogenation 
of ketones at a low temperature and pressure. Usually the rates of hydrogenation over Raney 
Ni are greater in alcoholic solvents than in aprotic solvents such as cyclohexane and 
tetrahydrofuran.54 The hydrogenation of carbonyl compounds over Raney Ni is often 
promoted by the presence of a small amount of triethylamine41 or alkali.55 Thus the times 
required for the hydrogenation of various ketones to the corresponding alcohols with W-6 
Raney Ni were cut in approximately half with addition of triethylamine. Acetophenone was 
hydrogenated to 1-phenylethanol in 10 min with addition of triethylamine (eq. 2.12) while 22 
min was required in the absence of the base.41 Insufficiently washed Raney nickel catalysts 
such as W-7 and T-4 are quite suitable for the hydrogenation of ketones since the alkali 
remaining in the catalyst may promote the hydrogenation. Blance and Gibson found that 
lithium hydroxide is a better promoter than sodium hydroxide and potassium hydroxide is in 
turn less efficient than sodium hydroxide for promoting the hydrogenation of ketones.56 
 
COCH3 CHOHCH3 (2.12)
6.0 g (0.05 mol)
2g Raney Ni (W-6)
          100 ml EtOH + 2 ml Et3N




2. 4. Stereochemistry of Hydrogenation of Ketones 
 
The stereochemistry of hydrogenation ketones has been a subject of continuing interest, 
particularly for alicyclic ketones, and there have been a large body of investigations on their 
hydrogenations. The results on the hydrogenation of substituted cyclohexanones and of 
cresols were generalized by von Auwers57 and Skita,58–59 and later modified by Barton60 on 
the basis of the concept of conformation and the steric effect of substituents. The generalized 
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rule now referred to as the von Auwers-Skita-Barton rule (ASB rule), may be summarized as 
follows: 
1. Catalytic hydrogenation of both hindered and unhindered cyclohexanones in strongly 
acidic media (rapid hydrogenation) leads to the alcohols rich in the axial isomer. 
 
2. Catalytic hydrogenation in neutral or alkaline media (slow hydrogenation) leads to the 
alcohols rich in the equatorial isomer if the ketone is not hindered and to those rich in the 
axial isomer if it is strongly hindered. 
 
3. Catalytic hydrogenation in the vapor phase of isomeric cresols over nickel catalysts at a 
high temperature leads to alcohols rich in the equatorial isomer. 
 
Rules 1 and 2 may be accepted as a generalization based primarily on the results obtained 
over platinum catalysts. However, there have been known many examples of the exception to 
this rule,61 since the stereochemistry of hydrogenation may be influenced by many factors, 
such as the solvent, the temperature, the hydrogen pressure, and the basic or acidic impurity 
associated with catalyst preparation, as well as the activity of the catalyst, and since the 
effects of these factors may differ sensitively with the catalyst employed and by the structure 
of the ketone hydrogenated. 
 
2. 5. Mechanistic Aspects of Hydrogenation of Ketones 
 
Tanaka has recently reviewed the hydrogenation of ketones with an emphasis on the 
mechanistic aspects of the reaction.62 Numerous references related to this subject can be 
found in his article. Deuteration of cyclohexanones and an application of NMR spectroscopy 
to the analysis of deuterated products have revealed that on ruthenium, osmium, iridium and 
platinum, deuterium is simply added to adsorbed ketones to give the corresponding alcohols 
deuterated on the C1 carbon, without any deuterium atom at the C2 and C6 positions, while 
over palladium and rhodium the C2 and C6 positions are also deuterated.63 A distinct 
difference between rhodium  and palladium is that on rhodium deuterium is incorporated 
beyond the C2 and C6 positions whereas on palladium the distribution of  deuterium  is 
limited to the C2 and C6 carbons.63–64 From these results, together with those on the 
deuteration of adamantanone,65 it has been concluded that a π–oxaallyl species is formed on 
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palladium while deuterium may be propagated by an α,β process66 on rhodium via a 
staggered α,β–diadsorbed species. 
 
2. 6. Hydrogenation of Alkyne 
 
Hydrogenation of the carbon carbon triple bonds, particularly to the olefinic bonds, has 
been the subject of numerous investigations since the very early stage of the study on 
catalytic hydrogenation, not only in terms of its synthetic utility but also with respect to the 
selectivity of catalytic metals for the semihydrogenation.67–72 Generally, acetylenes are 
readily hydrogenated to give saturated compounds over a variety of catalysts under mild 
conditions with uptake of two mole of hydrogen. Uptake of the second mole of hydrogen is 
often rapid than that of the first. However the intermediate olefins are usually formed very 
selectively as long as the starting acetylenes remain, because the acetylenes are adsorbed to 
the catalyst much more strongly than that the corresponding olefins and may effectively 
displace the olefins formed on the catalyst surface to prevent their further hydrogenation to 
saturated compounds. However, in order to obtain high yields of olefins, the second stage of 
the hydrogenation must remain blocked even after the starting acetylenes have been 
consumed completely. In practice, it is important to select a proper catalyst in combination 
with an appropriate modifier as well as suitable reaction conditions for obtaining a high 
selectivity and yield of olefins. The hydrogenation of acetylenes is a highly exothermic 
reaction, as seen for the heats of hydrogenation in the following scheme (2.2).73 Therefore; 
the hydrogenations must be controlled carefully for the rise in reaction temperature, 
especially in large-scale runs or in use of large amount of catalysts.  
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37 Kcal (155 kJ)
H2
69.5 Kcal (291 kJ)
H3CC CH
2H2 CH3CH2CH3





74.9 Kcal (313 kJ)





CH3CH2CH2CH3H3CC CCH3  
Scheme 2.2 Heats of hydrogenation acetylene, methylacetylene and dimethylacetylene 
(82 °C) 
Bond and Wells studied the selectivity of group (viii) metals in the vapor-phase 
hydrogenation of acetylene, methylacetylene and dimethylacetylene over alumina supported 
catalysts.70–71 The selectivity in acetylene hydrogenation decreased with respect to catalyst 
metal in the following order Pd >> Rh ≥ Pt > Ru >> Ir > Os. It was also noted that the high 
selectivity of Pd was independent of conversion while in the case of Ir it decreased 
considerably with increasing conversion. The initial selectivities observed in the 
hydrogenation of dimethylacetylene were generally much higher than in the case of 
acetylene. Bond and Wells interpreted the selectivity pattern of the transition metals for 
acetylene hydrogenation in terms of two factors: (1) the activity for ethylene hydrogenation 
(Kinetic factor) and (2) the thermodynamic factor, which is related to the relative strength of 
adsorption of acetylene and ethylene. The high selectivities of iron, cobalt and nickel were 
attributed to their lowest activities for ethylene hydrogenation as reported by Beeck74 and 
Schuit and van Reijen.75 The high selectivity of palladium, which was higher than that of 
nickel, was explained by assuming a powerful thermodynamic factor that would be operative 
over palladium, because its activity for ethylene hydrogenation is higher than nickel.71 It is 
also noted that palladium with the highest selectivity for acetylene hydrogenation also shows 
the highest activity for olefin hydroisomerization.76–77 Similarly the lowest selectivities of 
osmium and iridium are in line with their lowest activities for olefin isomerization.76–77  Thus, 
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to what extent the thermodynamic factor is operative on a metal in acetylene hydrogenation 
appears to be most closely related to the characteristic behavior of the metal for olefin 
isomerization. 
 
2. 6. a. Hydrogenation over Palladium Catalysts 
 
Palladium catalysts, usually in combination with support and/or inhibitor, have been most 
widely utilized among the transition metals for the selective hydrogenation of acetylenes. 
Paal, Zalkind and Bourguel reported that, colloidal palladium, which had been recognized as 
more selective than platinum and palladium block, was extensively used in early 
investigations in the liquid-phase hydrogenation of various acetylenic compounds at room 
temperature.78 Over colloidal palladium, the products resulting from cis addition of hydrogen 
were obtained by hydrogenation of disubstituted acetylenes such as phenylpropiolic acid, 
tolan (diphenylacetylene) and tetraalkylbutynediol.79–82 In latter studies, however use of 
colloidal palladium has been almost completely displaced by supported palladium catalysts, 
such as those supported on calcium carbonate, barium carbonate, barium sulfate or carbonate 
usually in combination with an appropriate catalyst poison, because of the convenience in 
their preparation and use in hydrogenation. 
Supported palladium catalysts have often been used with an organic base such as pyridine 
and quinoline as additive or solvent to depress hydrogenation of resulting olefins and thus 
improve selectivity. For example, the selective hydrogenation of steroidal 17-ethynyl group 
to the vinyl group was effectuated by using a Pd–CaCO3 in pyridine solution.83–84 Baker et 
al. studied the stereoselective semihydrogenation of acetylenic fatty acids using the Lindlar 
catalyst.85 It is to be noted that the Lindlar catalyst should be used in an aprotic solvent 
because the effects of the poisons may be decreased in protic solvents. Unsatisfactory results 
obtained with use of the Lindlar catalyst appear to be those cases where hydrogenations were 
performed using alcoholic solvents.86–88 The concentration and/or amount of lead acetate 
solution should also be adjusted, depending on the nature of substrates, to avoid poisoning 
the Pd–CaCO3 catalyst too strongly. It was often observed that hydrogenations over Lindlar 
catalyst proceeded not at all or only very slowly.89 In the hydrogenation of 1-phenyl-1-
propyne and diphenylacetylene in cyclohexane, treatment of the Pd–CaCO3 with 1.0 and 
0.5% of Pb(OAc)2 solution respectively, was sufficient to inhibit the hydrogenation of the 
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12 mg Lindlar catalyst*
1.6 ml cyclohexane/26 mg quinoline

















50 mg 0.28 (mmol)
12 mg Lindlar catalyst*
1.6 ml cyclohexane/25mg quinoline

















* Treated with a 1.0% Pb(OAc)2 solution




2. 6. b. Hydrogenation over Nickel Catalysts 
 
Nickel catalysts have been employed successfully for the semi hydrogenation of various 
acetylenic compounds.67 Dupont was the first to study the hydrogenation of acetylenes using 
Raney Ni. Little or no change in the rate of hydrogenation on the uptake of 1equiv of 
hydrogen was observed with the monosubstituted acetylenes, 1-heptyne and phenylacetylene, 
in contrast to the disubstituted acetylenes, 2-octyne and 1-methoxy-2-nonyne.92 Campbell 
and O’Connor made similar observations in the hydrogenation of various mono and 
dialkylacetylenes, mono and diphenylacetylenes and phenylmethylacetylene over Raney Ni 
(W-1) in methanol at room temperature and an initial hydrogen pressure of 0.41 MPa.93 Their 
results showed that a change in the rate of hydrogen uptake at half-hydrogenation was 
particularly noticeable in the case of the symmetric dialkylacetylenes. Phenylacetylene and 
phenylmethylacetylene showed no change in the rate at half-hydrogenation, while 
diphenylacetylene readily absorbed 1 equiv of hydrogen and the hydrogenation stopped at 
that point to yield cis-stilbene. 
The aged or Cu-treated Raney Ni was preferred to starch-supported colloidal palladium, 
quinoline-poisoned Pd–C, or Pd–CaCO3 in pyridine, for the preparation of cis-octadecenes 
from hydrogenation of the corresponding octadecynes in both selectivity and activity. An 
example is shown in (eq.2.15)94 
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C8H17C CC8H17
7.833 g (0.0313 mol)
aged Raney Ni (0.5 ml)
            25 ml EtOAc











Knight and Diamond used the W-5 Raney Ni, which had been aged for 5–6 months in dry 
thiophene-free benzene for the preparation of cis-3(eq.2.16)-4-, and -6-octenoic acids by the 
semihydrogenation of the corresponding octynoic acids.95 The hydrogenations were 
interrupted after the theoretical quantity or slight excess of hydrogen had been taken up, 
since in no instance was a sharp break in the rate of hydrogenation observed. The cis-
octenoic acids were thus obtained in 61–82% yields. 
 
H3C(H2C)3C CCH2CO2H
21.5 g (0.15 mol)
16 g W-5 Raney Ni*
            70 ml benzene








*Aged 5- 6 months
 
 
2. 6. c. Hydrogenation over Iron Catalysts 
 
Raney Fe, which was inert for the hydrogenation of olefins, was effective for the semi 
hydrogenation of acetylenes was reported by Paul and Hilly.96 The absorption of hydrogen 
ceased spontaneously after the uptake of 1 equiv. Thus, over Raney Fe, hydrogenations of 1-
heptyne (135 °C and 5.2 MPa H2) and 1-octyne (100 °C and 6.2 MPa H2) afforded the 
corresponding 1-alkenes in 90 and 85% yields, respectively. Thompson, Jr. and Wyatt also 
studied the use of Raney Fe in the partial hydrogenation of acetylenes.97 Although 
diphenylacetylene was hydrogenated to diphenylethane at 100 °C and 6.9 MPa H2, 2,5-
dimethyl-3-hexyne-2,5-diol was hydrogenated nearly quantitatively to the corresponding 
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2. 7. Object of My Project 
Catalytic hydrogenation is one of the most useful and versatile tools available to the 
organic chemist. The scope of the reaction is very broad; most functional groups can be made 
to undergo reduction, frequently in high yield, to any of several products. Multifunctional 
molecules can often be reduced selectively at any of several functions. A high degree of 
stereochemical control is possible with considerable predictability, and products free of 
contaminating reagents are obtained easily. Scale up of laboratory experiments to industrial 
processes presents little difficulty. 
 
It is informed that carbonyl group of benzophenone is reduced to the corresponding 
methylene units of diphenylmethane by using commercially available Raney Ni–Al alloy in 
water in a sealed tube under mild reaction conditions. To establish the reaction condition 
such as reaction temperature, reaction time, amount of Raney Ni–Al alloy and the necessary 
volume of water, the reduction of benzophenone was examined. Furthermore, Al powder and 
Pt/C co-catalyst was added with Raney Ni–Al alloy to increase the catalytic activity for the 
reduction of aromatic rings of benzophenone. Moreover, alkyne group of phenylacetylene 
and aromatic ring is reduced by these catalysts under mild reaction conditions. On the other 
hand, Pd/C-catalytic reduction of partial aromatic ring was observed in the presence of Al 
powder. Also the complete reduction process of both aromatic rings required Al powder in 
the presence of Pt/C. Al powder with noble metal catalyst in water generates hydrogen gas 
and active catalyst’s surface, which have been attributed to selective reduction as well as the 
complete reduction of aromatic compound. 
 
In this thesis I have succeeded to reduce carbonyl group, alkyne group and aromatic ring 
by heterogeneous catalytic hydrogenation in water. After that, nitrile functional group, 
multifunctional compounds and heterocyclic aromatic compounds can be reduced by using 
this hydrogenation process. To develop a new useful method that can be used as a deuteration 
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Chapter 3 
Reduction of Benzophenones using Raney Ni-Al Alloy, Al Powder 













Raney Ni–Al alloy reduces benzophenones to the corresponding diphenylmethanes in water 
with good to excellent yield at 60 °C for 3 h in the sealed tube. The complete reduction 
process of both aromatic rings required 18 h and 80 °C with Raney Ni–Al, Al powder in 
presence of co-catalyst Pt/C. The hydrogenation products strongly depended upon the 











This work has been submitted to RSC Advances., Ummey Rayhan, Jung-Hee Do, Takashi 
Arimura and Takehiko Yamato (2014). 
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3. 1. Introduction 
 
The carbonyl group transformation to a methylene unit is focal point in organic synthetic 
chemistry. Various types of reduction methods such as alkali metal–mediated reduction in 
liquid ammonia,1 Lewis acid–promoted metal–hydride reduction,2 Clemmensen reduction,3 
and Wolf–Kishner–Huang–type reductions4–5 is effective for the carbonyl group conversion. 
After that, further methods were developed like H3PO2–mediated reduction,6 a reduction in 
supercritical i-PrOH at high temperatures (350–400 °C),7 a hydrogenation of aromatic 
ketones catalyzed by sol-gel entrapped combined Pd–[Rh(COD)Cl]2 under high hydrogen 
pressure (400 psi),8 a hydrogenation procedure in a three–phase emulsion,9 and a Pd–
catalyzed hydrogenation of ketones at high temperatures (200 °C) under a hydrogen  
atmosphere (30 bar).10 Also sodium dithionite promoted reduction,11 Pt and Pd catalyzed 
hydrogenation12 Ru-mediated reduction in the presence of HCO2H/Et3N,13 electrochemical 
reduction14 and yeast-catalyzed reduction15 were reported. Some of the literature methods 
have disadvantages such as harsh reaction conditions, high reaction temperatures and/or high 
pressure are employed, toxic reagents are used, and a large amount of reducing agents is 
required. 
Tashiro et al. pioneered the reduction of aryl ketones to the corresponding alcohols or 
alkane derivatives in water using various metal–Al alloys (Ni–Al, Co–Al, Cu–Al, Fe–Al). 
Among them Ni–Al alloy in water was found as good catalyst to reduce the aromatic ketones 
and aldehydes to the corresponding cyclohexane derivatives, although a large amount of 
alloy was employed in their studies.16 After that they reported the reduction of acetophenones 
using a Ni–Al alloy catalyst in water under microwave irradiation proceeded to give the 
corresponding alkylbenzenes in good yields.17 The reductive reactions of a series of aromatic 
ketones with the noble metal catalysts such as Rh, Ru, Pd or Pt added Al powder in only pure 
water using the sealed tube was also reported by them.18 Raney Ni–Al was found highly 
effective in the reduction of phenol, naphthalenes, biphenyls, acenaphthene and 
dechlorination of mono and dichlorobiphenyls to the corresponding hydrocarbon derivatives, 
in the absence of any organic solvents.19–20 It was also reported as a powerful reducing agent 
and highly effective for the reduction of benzophenone as well as alkylbenzils and 
alkoxybenzils to afford the corresponding hydrocarbon derivatives under the same reaction 
condition.21–22 The different species and action mechanisms of Et3N in water and organic 
solvents possibly affected the hydrodechlorination reactivity or selectivity of chlorophenols 
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over Raney Ni.23 It was established that, Facile hydrogenation of ketones catalyzed by 
Platinum on carbon under ordinary pressure and temperature.24 
An essential aspect of Green Chemistry is to utilize water as a chemical reagent such as a 
hydrogen and oxygen source or an alternative to organic solvents.25 Water has many 
advantages as a solvent for organic reactions from the aspects of cost, safety, simple 
operation and environmental concerns as compared with use of an organic solvent.26–28 
Chemoselective reduction of various carbonyl compounds to alcohols with ammonia borane, 
a non toxic, environmentally benign and easily handled reagent in neat water was achieved in 
quantitative conversions and high isolated yields.29 Recently, selective reduction of ketones 
was also described based on the combination of Ni–Al alloy and high hydrostatic pressure in 
an aqueous medium and the selective reduction of unprotected indoles and quinolines in 
water using Ni–Al alloy.30–31  Reduction or oxido–reduction reaction of cinnamaldehyde and 
derivatives with Ni–Al alloy and Al powder in water was also reported.32 
Several reports of aldehydes, ketones and aromatic ring reduction were discussed above. 
Previously benzophenone was selected as the model compound to reduce the carbonyl group 
as well as the aromatic ring.33, 21 In the present study, the reduction of carbonyl group using 
Raney Ni–Al alloy and aromatic rings of benzophenone with Raney Ni–Al alloy, Al powder 
in the presence of Pt/C was investigated in water at low temperature in the sealed tube. To 
the best of our knowledge, no reports described the reduction of benzophenone using these 
catalysts only in water under mild reaction condition. In this chapter, a simple and convenient 
reduction method of carbonyl group and aromatic ring are demonstrated using commercially 
available Raney Ni–Al alloy, Al powder and Pt/C co-catalyst.  
 
3. 2. Results and Discussion 
 
To achieve more environmentally benign chemical process, reduction of benzophenone 
(Scheme 1, 1a) was carried out using Raney Ni–Al catalyst in water in a sealed tube. Besides 
the expected product diphenylmethane (Scheme 1, 2a), a mixture of diphenyl-methanol 
(Scheme 1, 3a), cyclohexylphenylmethane (Scheme 1, 4a) and dicyclohexyl methane 
(Scheme 1, 5a) were obtained from the reduction.  
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Raney Ni-Al
         H2O,  ∆
in the sealed tube





Scheme 1. Reduction of benzophenone (1a) by using Raney Ni–Al alloy in H2O. 
 
   
  The relative distribution among the products was depended upon the used reaction 
conditions. So that, the effect of the reaction temperature, reaction time, amount of Raney 
Ni–Al alloy used and the necessary volume of water was investigated for the reduction of 
benzophenone (1a). 
 
3. 2. a. Effects of Reaction Temperature  
 
Initially, the effect of the reaction temperature was examined for the reduction of 
benzophenone (1a) by using Raney Ni–Al alloy in the sealed tube. The reduction product 
diphenylmethane (2a) was afforded in good yield at 60 °C for 3 h while the reduction was 
not proceeded at room temperature for 3 h. After that the reduction of benzophenone was 
gradually increased with the increasing temperature. At higher reaction temperature more 
than 60 °C the reduction product (2a) started to convert other products. The higher 
temperature enhances the transfer of 2a to product 4a and 5a (Fig. 1a). 
 
Table 1  
Effects of the reaction temperature for reduction of benzophenone (1a) by using Raney Ni–
Al alloy in water.a,b      
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 Yield [%]d,e
                                                                    recovery































 Entry            Temp.    














aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%), H2O: 0.5 mL. bConditions: time: 3 h, 
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3. 2. b. Effects of Time  
 
Again, the reduction of benzophenone was carried out by using Raney Ni–Al alloy in the 
sealed tube for searching the reaction time. Therefore, the reduction of benzophenone (1a) 
was investigated at 60 °C for the reaction time. 
 
Table 2 
 Effects of time for reduction of benzophenone (1a) by using Raney Ni–Al alloy in water.a,b    
     
 Yield [%]c,d
                                                                    recovery









































 Entry            Time      


















aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%), H2O: 0.5 mL. bConditions: temp: 60 °C. 
cThe yields were determined by GLC. dThe Isolated yields are shown in square bracket. 
 
   
During the time of treating benzophenone (1a) for 3 h, the reduction product 2a was found in 
highest yield (93%) (Table 2; entry 6). At longer reaction time more than 3 h the product 2a 
tended to transform 3a and 4a (Table 2; entries 7–8). It shows that, 3 h is the best time for the 
reduction of the carbonyl group to the corresponding methylene units (Fig. 1b). 
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  Fig. 1(b) Effect of time for reduction of benzophenone (1a)   
 
3. 2. c. Effects of Amount of Raney Ni-Al Alloy 
 
Subsequently, the reduction of 1a was conducted at the described reaction conditions to 
observe the effects of the amount of catalyst. At the time of increasing the amount of Raney 
Ni–Al alloy wt% from 50 to 500, the reduction of benzophenone 1a was not started unless  
200 wt% of catalyst. Among them 500 wt% amount of Raney Ni–Al alloy was remarkable to 
obtain the reduction product 2a in good yield (Fig. 1c). Fortunately, the amount of catalyst 
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Table 3 
Effects of catalyst for reduction of benzophenone (1a) in water.a,b      
       
 Yield [%]c,d
                                                                    recovery































 Entry       Raney Ni-Al 














aSubstrate: 20 mg, H2O: 0.5 mL. bConditions: time: 3 h, temp: 60 °C. cThe yields were 









Ummey Rayhan                                                                                                    Saga University, Japan 
- 47 - 
 
3. 2. d. Effects of Amount of Water  
 
Finally, reduction of benzophenone (1a) was examined at 60 °C for 3 h to monitor the 
effects of the amount of water used by using 500 wt% Raney Ni–Al alloy in the sealed tube. 
 
Table 4  
Effects of amount of water for reduction of benzophenone (1a) by using Raney Ni–Al alloy. 
a,b
  
   
                                                                    recovery
2a              3a              4a               5a              1a
 Entry             H2O       













































aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%). bConditions: time: 3 h, temp: 60 °C. cThe 
yields were determined by GLC. dThe Isolated yields are shown in square bracket. 
 
  Reduction of 1a was also investigated at the above conditions by using 500 wt% Raney 
Ni–Al alloy to observe the effects of the amount of water. Using 0.5 mL water, product 2a 
was obtained at high yield (93%). On the other hand, decreasing the amount of water (0.25 
mL), decreased the reduction of 1a. Beside this, lower reduction of 1a was also observed 
with increasing the amount of water (0.75–2 mL). It shows that, compared to 0.5 mL water, 
small and large amount of water is not suitable for sufficient interaction between 
benzophenone (1a) and catalysts. This indicates that 0.5 mL is the necessary amount of water 
for reduction of 1a (Fig. 1d). From these results it is concluded, with 500 wt% amount of 
Raney Ni–Al alloy in 0.5 mL water, 60 °C and 3 h is the optimum reaction condition for the 
reduction of benzophenone (1a) to diphenylmethane (2a) at high yield.  
 
Ummey Rayhan                                                                                                    Saga University, Japan 
- 48 - 
 
   
Fig. 1(d) Effect of H2O for reduction of benzophenone (1a)   
 
 
3. 3. Comparison of Reduction of Benzophenone (1a) and Diphenylmethanol (3a) for 
Time 
 
Using the above optimized reaction conditions, the reduction kinetics of benzophonone 
(1a) was investigated and the results are summarized in Table 5. 
 
It was observed that with increasing time the yield of preferred compound 2a was provided 
maximum yield (93%) at 3 h. When the reaction time was increased more than 3 h, 
compound 2a gradually converted to compound 4a. On the other hand, by using Raney Ni–
Al alloy in a dilute alkaline aqueous solution, benzophenone was reduced with more amount 







Ummey Rayhan                                                                                                    Saga University, Japan 
- 49 - 
 
Table 5 
 Reduction of benzophenone (1a) by using Raney Ni–Al alloy in water. a,b 
    
 Yield [%]c,d
                                                                    recovery









































 Entry            Time       
































aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%) H2O: 0.5 mL. bConditions: temp: 60 °C. 




                          Fig. 2(a) Reduction of benzophenone (1a)   
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It is assumed, diphenylmethanol (3a) serves as an intermediate for the final product 2a under 
the reaction condition employed. After that 3a was investigated under the same conditions 






          H2O,  ∆
 in the sealed tube
       (oil bath)
 
Scheme 2. Reduction of diphenylmethanol (3a) by using Raney Ni–Al alloy in H2O. 
 
Table 6 
 Reduction of diphenylmethanol (3a) by using Raney Ni–Al alloy in water. a,b 
      
 Yield [%]c,d
                                                      recovery             































 Entry            Time       
































aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%), H2O: 0.5 mL. bConditions: temp: 60 °C. 
cThe yields were determined by GLC. dThe Isolated yields are shown in square bracket. 
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                              Fig. 2(b) Reduction of diphenylmethanol (3a)   
 
3. 4. Substituent Effects  
 
Next the reduction of 4-substituted benzophenones such as methyl, methoxy, tert-butyl 
and chlorobenzophenone were examined by using Ni–Al alloy in water. 
 
a = H ; b = CH3




60 oC, 3 h
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Table 7 
Reduction of substituted benzophenone (1) to afford 2 by using Ni–Al alloy in water. a,b     












                                                                      recovery
2                  3                 4                 5                1



























aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%). bConditions: time: 3 h, temp: 60 °C. cThe 
yields were determined by GLC. dThe Isolated yields are shown in square bracket. 
 
The substituted benzophenones were also continued to the reduction under the standard 
condition. 4-Methylbenzophenone (1b) showed the similar activity as compound 1a to 
provide the product 2b with the yield of 94% and 4-Methoxybenzophenone (1c) gave 99% 
yield of carbonyl group reduction product. Because of the steric hindrance of tert-butyl 
group, 4-tert-butylbenzophenone (1d) produced negligible amount of corresponding 
diphenylmethane derivative 2d along with the recovery of starting compound 1d. For the 
electronegative substituent, dehalogenation was occurred in the case of 4-
Chlorobenzophenone (1e) with large amount of recovery (79%) under the conditions used. 
The outcome of the reduction depends on the substitution pattern of benzophenone.  
 
Under the same reaction condition, Raney Ni–Al catalyzed reduction of phenyl benzyl 
ketone and acetophenone were also performed (Table 8). It was noticeable that the screening 
conditions were also applicable for these compounds to give bibenzyl (94%) and 
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Table 8 




Entry                    Substrate                                Product                             Yield [%]c,d              Recovery
O
 94 [90]




aSubstrate: 20 mg, Ni–Al alloy: 100 mg (500 wt%). bConditions: time: 3 h, temp: 60 °C. cThe 
yields were determined by GLC. dThe Isolated yields are shown in square bracket. 
 
 3. 5. Transition Metal Co-catalyzed Reduction 
 
It was found that, Raney Ni–Al alloy at 60 °C for 3 h is effective for the reduction of 
carbonyl group to provide methylene units. But the reduction of aromatic ring was difficult 
under the same reaction condition. With this information, transition metal catalysts (Pt/C, 
Pd/C, Ru/C and Rh/C) were introduced into the mixture of Al powder to determine the effect 
of these catalysts. Moreover, the reaction temperature was raised to 130 °C for the reduction 
of the aromatic rings of benzophenone.  
 
Table 9 
Reduction of benzophenone (1a) by using Al powder and co-catalyst in H2O.a,b     
  
 Yield [%]c
                                                                    recovery
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aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), co-catalyst: 
4.5 mol% (metal), H2O: 0.5 mL. bConditions: temp: 130 °C, time: 3 h. cThe yields were 
determined by GLC.  
 
At 3 h the reduction of aromatic ring was not observed while using Pd/C, Ru/C and Rh/C. 
In the presence of Pt/C catalyst along with the reduction of carbonyl group, reduction of one 
and two aromatic rings was occurred (Table 9; entry 2). By using only Raney Ni–Al alloy, 
reduction product 5a was found lower yield compared to Pt/C catalyst. These results clearly 
show that, Pt/C is the highly effective catalyst for the reduction of aromatic ring. For 
transition metal catalysts with Al powder in water, the order of strength to hydrogenation was 
summarized in the following trend: Pt/C> Raney Ni–Al alloy>Pd/C>Ru/C> Rh/C. 
 
From the above, Pt/C catalyst with Al powder in water was found as the stronger reducing 
agent. Using this information, the reduction of benzophenone (1a) was examined with this 
catalyst in the sealed tube. It is deduced, only increasing the temperature of the reaction was 
not sufficient to obtain the desired aromatic ring reduction product. Following this, the 
reaction time was extended to 12 h under the above reaction temperature to achieve the 
required reduction product. 
 
Table 10 
 Reduction of benzophenone (1a) by using Ni–Al, Al powder and Pt/C in H2O.a,b     
 Yield [%]c
                                                                      recovery
















































  - 
 Al
 
aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), co-catalyst: 
4.5 mol% (metal), H2O: 0.5 mL. bConditions: temp: 130 °C, time: 12 h. cThe yields were 
determined by GLC. dThe isolated yields are shown in square bracket. 
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When the reduction of benzophenone (1a) was carried out at 130 °C for 12 h by using 
Raney Ni–Al alloy, a mixture of 2a (8%), 4a (82%) and 5a (10%) was observed (Table 10; 
entry 1). No reduction was occurred by using only Pt/C under the same reaction conditions 
(Table 10; entry 3). For a complete reduction of benzophenone (1a), introduction of other 
catalyst was essential with Raney Ni–Al alloy. Addition of Pt/C and Al powder is necessary 
with Raney Ni–Al alloy for effective reduction as well as to afford product 5a as the sole 
product (90%) (Table 10; entry 6). These results clearly show that transition metal-co-
catalyst increases the catalytic activity of Raney Ni–Al alloy. Consequently, using these 
catalysts the reaction temperature was gradually decreased. It was observed that 80 °C for 18 
h was good condition for the reduction of both aromatic rings of benzophenone. In this lower 
temperature new reduction product dicyclohexyl-methanol (6a) was observed with trace 
amount. Pt/C was also established as stronger catalyst. So it is approved, Pt/C can act as the 
most effective catalyst in presence of Raney Ni–Al alloy and Al powder.34 
 
 
a = H ; b = CH3
c = OCH3 ; d = C(CH3)3
e = Cl
 Ni-Al /Al powder/
           Pt/C
H2O,
80 oC, 18 h 











Scheme 4. Reduction of 4-substituted benzophenones (1) by using Raney Ni–Al, Al powder 
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Table 11 
 Reduction of benzophenone (1a) by using Ni–Al, Al powder and co-catalyst in H2O.a,b     
 Yield [%]c
                                                                                        recovery











































aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), co-catalyst: 
4.5 mol% (metal), H2O: 0.5 mL. bConditions: temp: 80 °C, time: 18 h. cThe yields were 
determined by GLC.  
    
The substituent effect of benzophenones (1) was also explored to obtain the complete 
reduction product by using above catalysts with same reaction condition. High yield (83%) of 
both aromatic ring reduction product (5b) with cis and trans products was obtained for 4-
Methylbenzophenone (1b) along with 4-Methyldicyclohexyl-methanol (6b) in 17% yield. In 
the case of 4-Methoxybenzophenone (1c) 84% of compound 5c (cis & trans) and 5a (16%) 
was achieved. These results strongly suggest the presently developed reducing agent not only 
reduces the aromatic ring but also cleaves the polar C–O bond. In the case of 4-tert-butyl 
benzophenone (1d), complete reduction product (5d) was obtained in low yield (58%) with 
42% of 4-tert-butyldicyclohexylmethanol (6d) due to the steric hindrance of tert-butyl group. 
Dehalogenation was occurred with the formation of compounds 2a (31%), 4a (49%) and 5a 
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Table 12 












                                                                                             recovery
 2                  3                  4                  5                  6                 1
































aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), Pt/C: 4.5 
mol% (metal), H2O: 0.5 mL. bConditions: temp: 80 °C, time: 18 h. cThe yields were 
determined by GLC. dcis- and trans-Isomers were obtained .  
 
After that, the reduction of intermediate compounds (2) of benzophenone derivatives (1) 
was examined by the catalysts used in Table 12. All the substituents provided the complete 
reduction with cis and trans products at 60 °C within 12 h. But 4-Methoxydiphenylmethane 
(2c) showed 79% complete reduction and cleave the polar C–O bond with formation of 5a 
(21%) as previously mentioned. 
 
a = H ; b = CH3
c = OCH3 ; d = C(CH3)3
Ni-Al/Al powder/
          Pt/C
H2O
60 oC, 12 h










Scheme 5. Reduction of substituted diphenylmethanes (2) by using Raney Ni–Al, Al powder 
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Table 13 
Reduction of various intermediate compounds by using Ni–Al, Al powder and Pt/C in 
H2O.a,b  










                    recovery
5                        2









        
aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), co-catalyst: 
4.5 mol% (metal), H2O: 0.5 mL. bConditions: temp: 60 °C, time: 12 h. cThe yields were 
determined by GLC. dcis- and trans-Isomers were obtained.  
 
After all, the reduction of various types of ketones was investigated by using the above 
catalysts and same reaction conditions. For the rigid structure of fluorenone, comparatively 
lower (54%) yield of both aromatic ring reduction products (Table 14; entry 3) was obtained. 
In this case 30% yield of carbonyl group and 11% hydroxyl group containing aromatic ring 
reduction products were acquired. These types of reduction products were also reported by 
Tashiro.18 On the other hand, for the flexible structure of benzyl phenyl ketone and benzil, 72 
and 75% of 1,2-dicyclohexyl-ethane were afforded along with 28 and 18% of 1,2-
dicyclohexyl-ethanol (Table 14; entries 2, 4). Diphenylmethanol also showed the same 
reduction pattern producing 86% dicyclohexylmethane and 14% dicyclohexyl-methanol 
(Table 14; entry 1). From these results it is concluded that, the approaching of different types 
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Table 14 


























aSubstrate: 20 mg, Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), co-catalyst: 
4.5 mol% (metal), H2O: 0.5 mL. bConditions: temp: 80 °C, time: 18 h. cThe yields were 
determined by GLC. 
  
It was also attempted to reduce the intermediate aromatic compounds such as 
diphenylmethane, diphenylethane and fluorene by using Ni–Al, Al powder and Pt/C in water. 
These compounds afforded the complete reduction of aromatic ring in 100, 100 and 94% 
yields, respectively at 60 °C for 12 h using the catalysts as previously pointed out. 
 
The advantages of this method are the reaction carried out in water which is the most 
benign, readily available and inexpensive solvent. Beside this the solvent serves as an 
economic source of hydrogen, thus no extra hydride or hydrogen gas addition is required. 
This is accomplished without the use of any strong base. Furthermore, the Ni content of the 
alloy adsorbs hydrogen readily and ensures the effective hydrogenation of the substrates. In 
addition, the reaction does not produce harmful waste and the only by-product that forms is 
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3. 6. Proposed Reaction Mechanism 
 
The reaction mechanism for the hydrogenation is not totally clarified yet. It can be 
proposed that aluminum metal of the Raney Ni–Al alloy reacts with water and produces a 
reactive form of hydrogen and highly porous nickel metal on the catalyst’s surface. Also, it 
has been noted that when Al powder and Pt/C was added with Raney Ni–Al alloy as co 
catalyst, it becomes a stronger reducing agent in water. Here the solvent water plays an 






 4  5
Cat./ H2
Fast
















Fig. 3 Proposed reaction pathways for the reduction of benzophenone. 
 
Based on the GC–Mass results, the detail reaction pathways of reduction of benzophenone 
can be proposed.35 In the pathway 1 reduction of the carbonyl group produced 
diphenylmethane (2) as the main product, after that aromatic ring gradually reduced. On the 
other hand, the carbonyl group reduced to benzhydrol (3), cyclohexylphenylmethanol and 
dicyclohexylmethanol (6) respectively in the pathway 2. Moreover, compound 6 also 
produced in the pathway 3.  It can be assume that, pathway 1 is the faster way compare to 
another reaction pathways (2 and 3). It can be concluded, the approaching of benzophenone 
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3. 7. Conclusion 
 
In conclusion, it was found that carbonyl group of benzophenone was converted to 
corresponding diphenylmethane using Raney Ni–Al alloy and both the aromatic ring reduced 
at high yields with Ni–Al alloy, Al powder in presence of Pt/C under mild reaction 
conditions in the sealed tube. Without any organic solvents Raney Ni–Al alloy in water 
becomes a powerful reducing agent. The reduction products strongly depended upon the 
temperature, time, volume of water and the amount of catalyst used. It was expected that 
Raney Ni–Al alloy in water provides another very useful technique for the reduction of 
aromatic compounds. The reduction method is characterized by the ease and quickness of the 
reaction, simplicity of manipulation and mildness of the reaction conditions. Convenience 
and low costs are also advantages of this method. 
 
3. 8. Experimental Section 
 
Materials and apparatus 
All melting points are uncorrected. 1H NMR spectra were recorded at 300 MHz on a 
Nippon Denshi JEOL FT-300 NMR spectrometer in CDCl3 with Me4Si as an internal 
reference. IR spectra were measured as KBr pellets on a Nippon Denshi JIR-AQ2OM 
spectrometer. Mass spectra were obtained on a Shimadzu GC-MS-QP5050A Ultrahigh 
Performance Mass Spectrometer AOC-20I, 100V using a direct-inlet system. GLC analyses 
were performed with a Shimadzu gas chromatographer, GC-2010. 
 
 General procedure for reduction of aromatic compounds  
To the mixture of substrate (20 mg, 0.11 mmol) (Wako), Raney Ni–Al alloy (100 mg, 
50:50%), Al powder (500 wt%) (53–150 µm, 99.5%) (Wako) and Pt/C, Pd/C, Ru/C and Rh/C 
(20 mg) (4.5 mole % metal) was added water (0.5 mL) (Wako distilled water). After heating 
at 60–80 °C for 3–18 h, the mixture was cooled to room temperature. The solution was 
diluted with 1 mL of water and then stirrer for overnight at room temperature in a sealed 
tube. After 24 h, the solution was extracted with diethyl ether (2 mL×3) following the 
reported procedures.32 The organic layer was combined, dried with MgSO4, filtered through a 
cotton layer and concentrated in vacuum to give the corresponding hydrogenated product. 
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The yields were determined by GLC analysis by using the standard compound (1,2,3,4-
tetrahydronaphthalene) and products were identified by GC-MS. 
 
GC and GC Mass Spectra 
GC of Table 7: Entry 1 
 
Reduction of benzophenone by using only Raney Ni–Al alloy in H2O at 60 °C for 3h 
 
GC Condition: 
      Rate (°C /min) Temperature (°C) Hold (min) 
1 - 100 - 
2 2 200 5 
                                                                        and 
      Rate (°C /min) Temperature (°C) Hold (min) 
1 - 100 - 
2 4 280 5 
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GC of Table 12: Entry 1 
 
Reduction of benzophenone by using Raney Ni–Al alloy, Al powder and Pt/C in H2O at 
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Chapter 4 
Reduction of Phenylacetylenes using Raney Ni-Al Alloy, Al 








Raney Ni–Al alloy with Al powder is obtained as effective catalyst for the reduction of alkyne 
group of phenylacetylene to the corresponding ethylbenzene. Highest yield of ethylbenzene is 
obtained at 120 °C for 6 h from the reduction of phenylacetylene. Beside this, Raney Ni–Al 
alloy into the mixture of Al powder and Pt/C is found as efficient catalyst at 60 °C for 12 h 
for the reduction of the aromatic ring of phenylacetylene. The hydrogenation products 
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4. 1. Introduction 
 
Hydrogenation of unsaturated aromatic compounds to the corresponding alkenes and 
alkanes is of great interest in synthetic organic chemistry. This is mostly used chemical 
reaction for many industrial applications like petro, food and health industry. Styrene is an 
industrially and commercially valuable material. Phenylacetylene removal by 
semihydrogenation is a process of great industrial importance1–2 because phenylacetylene is a 
poisoning impurity in styrene feedstocks, causing deactivation of the styrene polymerization 
catalyst. The hydrogenation of phenylacetylene proceeds at relatively mild conditions and the 
desired product is the intermediate (styrene), making it very convenient for the evaluation of 
process design2–3 and testing of hydrogenation catalysts.4–7 In this sense, substantial amount 
of literature can be get for both homogeneous8–10 and heterogeneous11–17 to exploring highly 
selective process toward the semihydrogenation of alkynes. At present, the most effective 
way to remove phenylacetylene from styrene is the selective hydrogenation of 
phenylacetylene. 
Catalytic hydrogenation using hydrogen gas or hydrogen transfer donors are commonly 
approved for this transformation. Particularly, the group ten transition metals are well known 
as active catalysts in various hydrogenation reactions. The main metals studied include Pd18–
20
, Rh21–22, Ru23–25, Ni26, Pt27–28, Ir29, Os30, V31, Fe32, Nb33 and particular interest is Pd metal 
due to its excellent performance in the selective hydrogenation of alkynes.34 Recently, 
transition-metal nanoparticles in catalysis have drawn much attention due to their high 
efficiency and unique properties. Pd nanoparticles with high catalytic activity and controlled 
particle size have received much attention.35 Moreover, ruthenium nanoparticle for 
semihydrogenation of alkyne and platinum-ruthenium nanoparticles for active and selective 
hydrogenation of phenylacetylene was reported.36–37 Selective reduction of Phenylacetylene 
was also investigated with AlMgO particles used as an alternative water-reactive generator of 
hydrogen.38 Partial hydrogenation of 3-hexyne was observed over low-loaded palladium 
mono and bimetallic catalysts.39 On the other hand, utilization of water as a chemical reagent 
is an essential aspect of Green Chemistry.40 Water has many advantages as a solvent for 
organic reactions from the aspects of cost, safety, simple operation and environmental 
concerns as compared with use of an organic solvent.41–43 
In above, different feature of selective and complete reduction of phenylacetylene were 
discussed. In this chapter, the reduction of alkyne group of phenylacetylene using Ni–Al 
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alloy, Al powder and the aromatic ring with Ni–Al alloy, Al powder and Pt/C was examined 
in water at low temperature in the sealed tube. Phenylacetylene was selected because it was 
employed as the model compound in the pioneering works.36–38 To the best of our 
knowledge, no reports illustrated the reduction of phenylacetylene using these catalysts in 
water under mild reaction condition. In this chapter, a simple reduction method of alkyne 
group is described using commercially available Ni–Al alloy, Al powder and noble metal 
catalyst (Pt/C, Pd/C, Ru/C or Rh/C). 
 
4. 2. Results and Discussion  
 
Initially the reduction of phenylacetylene was investigated by using Raney Ni–Al alloy, Al 
powder and noble metal catalyst in water in the sealed tube. To obtain the optimized reaction 
condition, it was necessary to examine the reaction conditions, such as amount of catalyst, 
reaction time and temperature for hydrogenation of phenylacetylene through the 
heterogeneous catalysts.  At first the reduction of phenylacetylene was carried out using only 
Al powder at 60 °C for 6 h in water in the sealed tube and reduction was not started. In 
addition to increasing the reaction time upto 12 h and temperature 120 °C, the reaction was 
not proceeded yet. When phenylacetylene (1a) was treated with Pt/C, Pd/C, Ru/C and Rh/C 
added Al powder in water in the sealed tube, selective and complete reduction of 
phenylacetylene were occurred and the results are shown in the following table 1.  
 
    H2O, 6h,  ∆
in the sealed tube
     (Oil bath) 1a
 Al powder/
  Catalyst
 2a  3a
 4a
 
Scheme 1. Reduction of phenylacetylene (1a) by using Al powder in H2O in the presence of 
co-catalyst. 
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Table 1 
Reduction of phenylacetylene (1a) by using Al powder in H2O in the presence of co-
catalyst.a,b 
Entry          Co-catalyst          Temp.   
                                               
 (oC)
 Yield [%]c
                                                   recovery


























































aSubstrate: 20 mg (0.20 mmol), co-catalyst: 4.5 mol% (metal), Al powder: 100 mg (500 
wt%), H2O: 0.5 mL. bCondition: time: 6 h.  cThe yields were determined by GLC. 
 
It was found that phenylacetylene (1) reduced to 83% styrene (2) at 80 °C for 6 h using 
Pd/C (Table 1; entry 5). In order to obtain complete reduction, the reaction temperature was 
increased at 120 °C and both Pt/C and Pd/C provided 100% ethylbenzene (Table 1; entry 3, 
6). Moreover, both Ru/C and Rh/C were found as less reactive for the reduction of alkyne 
group to the corresponding alkene and alkane group. From these results it can be explain that 
only Al powder in water is unable to generate hydrogen gas but addition of noble metal 
catalysts can produce hydrogen gas to reduce functional group. This is the first report of 
reduction of alkyne group using noble metal catalysts and Al powder in water under mild 
reaction conditions without using any organic solvent at lower temperature under 
atmospheric pressure. Tashiro et al. also reduces acetophenone with noble metal catalyst and 
Al powder to the corresponding ethylbenzene and cyclohexyl benzene in water at 130 °C.44 
 Ishimoto et al. reduces carbonyl groups to the corresponding methylenes with Raney Ni–
Al alloy in water within 2 h in high relative yields.45 After that microwave-assisted reduction 
of acetophenones using Ni–Al alloy in water was performed by Miyazawa et al.46 Inspired 
from this viewpoint, we introduced Ni–Al alloy into our reaction system and carried out the 
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reduction of phenylacetylene for 6 h and 100% ethylbenzene was obtained at 120 °C (Table 
2; entry 3). From these results, Ni–Al alloy with Al powder is found as good catalyst to 
reduce the alkyne group to the methylene unit in high yields. 
 
Table 2 
Reduction of phenylacetylene (1a) by using Raney Ni–Al and Al powder in H2O.a,b 




Entry            Temp.     
                      (oC)
 Yield [%]c
                                                   recovery

















aSubstrate: 20 mg (0.20 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL. bCondition: time: 6 h.  cThe yields were determined by GLC. 
 
Next in order to obtain the reduction of benzene ring of phenylacetylene, noble metal 
catalysts were introduced into the mixture of Ni–Al alloy and Al powder in water. The 
reduction of phenylacetylene was examined by using these catalysts at different temperature 
and plotted in the following figure 1. 
           
Fig. 1 Hydrogenation of Phenylacetylene by using Ni–Al, Al powder and noble metal 
catalysts in water for 6h. 
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From figure 1 it was observed that, both Pd/C and Ru/C were less reactive compared to the 
Pt/C and Rh/C for the reduction of benzene ring. The Rh/C catalyst was found as the most 
effective catalyst to reduce the benzene ring but the temperature was higher than Pt/C. Both 
these cases afforded lower than 40% yielded benzene ring reduction product. For Pt/C 
catalyst the reaction temperature is 60 °C which is lower and convenient for the organic 
synthesis. In order to increase the yield for the reduction of benzene nuclei the reaction time 
was increased from 6 h to 12 h using Pt/C, Ni–Al alloy and Al powder at 60 °C for searching 
various catalyst combinations.  
 
Table 3 
Reduction of phenylacetylene (1a) by using Raney Ni–Al, Al powder in presence of Pt/C in 
H2O.a,b 
Entry              Catalyst
 Ni-Al + Al powder    
 Ni-Al + Pt/C             
 Pt/C 
 Al powder + Pt/C         
 Ni-Al + Al powder + Pt/C
 Yield [%]c
                                                   recovery



























aSubstrate: 20 mg (0.20 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL. bCondition: temp: 60 °C, time: 12 h.  cThe yields were determined by GLC. 
 
At the time of treating phenylacetylene with Pt/C catalyst and Al powder for 12 h, the 
alkyne group reduced to methylene unit at 92% yield with trace amount of benzene ring 
reduction (Table 3; entry 4). Only Pt/C is unable to reduce neither alkyne group nor aromatic 
ring (Table 3; entry 3). Interestingly, Pt/C in presence of Ni–Al and Al powder can reduce 
aromatic ring at 87% yield of compound 4a (Table 3; entry 5). From these results it can be 
explain that Pt/C is effective catalyst with Ni–Al and Al powder in water to generate 
sufficient hydrogen gas to reduce the aromatic nuclei. Guo-Bin Liu et al. reported that Raney 
Ni–Al alloy in a dilute alkaline aqueous solution becomes powerful reducing agent, which is 
highly effective in the reduction of benzophenones to the corresponding hydrocarbon 
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derivatives without using any organic solvent.47 In this case, reduction of phenylacetylene to 
the corresponding hydrocarbon derivatives is achieved in water without using any alkaline 
solution. 
Next, in order to obtain higher yielded benzene ring reduction product the reaction 
temperature was increased up to 120 °C using Pt/C catalyst into the mixture of Ni–Al and Al 
powder. 

















Fig. 2 Effects of temperature for hydrogenation of Phenylacetylene for 12 h. 
 
 From figure 2 it was observed that increase of reaction temperature, gradually decreases 
the aromatic ring reduction instead of improving the product yield. From these results it can 
be explain that, the rapid generation of hydrogen gas at higher temperature decreases the 
hydrogenation reaction. Lower temperature is effective for the generation of sufficient 
hydrogen gas to reduce the benzene nuclei. To ascertain that ethylbenzene can function as 
intermediates for the products under the reaction condition employed. It was subjected to the 
same reaction conditions and 100% ethylcyclohexane was obtained. 
 
4. 3. Substituent Effects of Phenylacetylene  
 
From the above, Ni–Al and Al powder was found as the best catalyst for the reduction of 
alkyne functional group. To observe the effect of substituents, different types of 4-substituted 
phenylacetylene was treated with these catalysts and the results are shown in table 4. 
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   H2O, temp.





  3  4
R R R R
a; R = H,
b; R = CH3, 
c; R = OCH3, 
d; R = C(CH3)3  
Scheme 2. Reduction of phenylacetylene (1a) by using Raney Ni–Al and Al powder in H2O. 
 
Table 4 
Reduction of substituted phenylacetylene (1) to afford compound 3 by using Raney Ni–Al 
and Al powder in H2O.a 
























     
aSubstrate: 20 mg (0.20 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL.  bThe yields were determined by GLC. 
 
Next, the reduction of a series of 4-substituted phenylacetylene was investigated under the 
similar reaction condition. In the case of methyl, methoxy and tert-butyl phenylacetylene, 60 
°C is sufficient for the reduction of alkyne group (Table 4; entries 2–4). Only temperature 
variation was observed as the substituent effects. 
 On the other hand, Pt/C into the mixture of Ni–Al, Al powder was found as the best 
catalysts at 60 °C for 12 h for the reduction of benzene ring. For methyl substituent 93% 
yield of benzene ring reduction product was obtained with cis and trans products. 
Unfortunately, for methoxy and tert-butyl group we obtained 78 and 63% yielded product 
respectively. For methoxy group compound 4a was obtained which indicates the cleavage of 
C–O bond. It can be explain that this strong reducing agent not only reduces the benzene ring 
but also cleave the polar bond. Because of the bulky tert-butyl group, it cannot approach 
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parallel to the metal surface to give the high yielded benzene ring reduction product. From 
these substituent effects it can be summarized that, the approaching of 4-substituted 
phenylacetylene towards the highly porous surface of the nickel and Pt metal catalyst 
depends on the pattern of substituents.  
 
Table 5 
Reduction of substituted phenylacetylene (1) by using Raney Ni–Al, Al powder in presence 
of Pt/C in H2O.a,b 





Entry          Substrate(1)
 Yield [%]c
                                                      recovery






















aSubstrate: 20 mg (0.20 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL. bCondition: temp: 60 °C, time: 12 h.  cThe yields were determined by GLC. 
d
cis- and trans-Isomers were obtained 
 
   Furthermore, the reduction of diphenylacetylene (5) and trans–stilbene (9) was examined 
with the best catalysts and best reaction conditions. Using Ni–Al, Al powder 
diphenylacetylene afforded 97% diphenylethane (6) and Ni–Al, Al powder and Pt/C gave 98% 
dicyclohexylethane (8) (Table 6). Trans–stilbene (9) also showed 73% yield of product (6) 
and 100% yield of product (8) by using the mentioned catalysts, time and temperature as 
before (Table 7). 
    H2O, 6h,  ∆
in the sealed tube
     (Oil bath)
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Scheme 3. Reduction of diphenylacetylene (5) by using Ni–Al, Al powder in H2O in the 
presence of co-catalyst. 
 
Table 6 
Reduction of diphenylacetylene (5) by using Raney Ni–Al, Al powder in presence of Pt/C in 
H2O.a,b 
Entry           Catalyst                         Time      
                                 
                
              (h)
Ni-Al
Ni-Al + Al powder
Ni-Al + Al powder + Pt/C
 Yield [%]c
                                               recovery




















aSubstrate: 20 mg (0.11 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL. bCondition: temp: 60 °C.  cThe yields were determined by GLC. 
 
Table 7 
Reduction of trans–stilbene (9) by using Raney Ni–Al, Al powder in presence of Pt/C in 
H2O.a,b 
Entry               Catalyst                           Time       
                                
                
                     (h)
Ni-Al + Al powder
Ni-Al + Al powder + Pt/C
 Yield [%]c
                                              recovery














aSubstrate: 20 mg (0.11 mmol), Ni–Al: 100 mg (500 wt%), Al powder: 100 mg (500 wt%), 
H2O: 0.5 mL. bCondition: temp: 60 °C.  cThe yields were determined by GLC. 
 
4. 4. Plausible Reaction Mechanism  
 
Although the reaction mechanism of the hydrogenation reaction is not totally clarified yet, 
it can be proposed that aluminium metal of the Raney Ni–Al alloy reacts with water and 
produces a reactive form of hydrogen and highly porous nickel metal on the catalyst’s 
surface.48  
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Fig. 3 Proposed reaction mechanism for hydrogenation of Phenylacetylene. 
  The alkyne group and aromatic ring which are p-electron rich, are adsorbed on the surface 
of the active nickel metal, and reacts with the reactive form of hydrogen occurs at the 
catalyst’s surface. It has noted that Raney Ni–Al alloy becomes a stronger reducing agent in 
water into the mixture of Al powder and Pt/C catalysts. In water the Raney Ni–Al alloy reacts 
uncontrolled and gives off hydrogen gas, which escapes unreacted from the reaction vessel. 
In fact, an effervescence of hydrogen gas was observed in that case. 
 
4. 5. Conclusion 
 
In conclusion, it was found that Raney Ni–Al alloy with Al powder in water is effective 
catalyst for the reduction of alkyne group under mild reaction conditions. Beside this, Pt/C 
into the mixture of Raney Ni–Al alloy, Al powder in water can reduce the benzene ring. The 
hydrogenation products strongly depended upon the temperature, time, volume of water and 
also the amount of the catalyst. Moreover, reduction capability of para substituted 
phenylacetylene depends on the pattern of the substituents. The reduction of aromatic ring 
produces the cis and trans products but the stereochemistry of the cyclohexyl substituted 
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compound is not identified yet. Overall, this hydrogenation is operationally simply. No harsh 
reaction conditions such as elevated temperatures, high pressures, a hydrogen atmosphere, an 
inert gas atmosphere or special apparatus are required. Raney Ni–Al alloy in water provides 
another very important technique for the hydrogenation of aromatic compounds and readily 
commercially available. 
 
4. 6. Experimental Section 
 
Materials and apparatus 
All melting points are uncorrected. 1H NMR spectra were recorded at 300 MHz on a 
Nippon Denshi JEOL FT-300 NMR spectrometer in deuteriochloroform with Me4Si as an in-
ternal reference. IR spectra were measured as KBr pellets on a Nippon Denshi JIR-AQ2OM 
spectrometer. Mass spectra were obtained on a Shimadzu GC-MS-QP5050A Ultrahigh 
Performance Mass Spectrometer AOC-20I, 100V using a direct-inlet system. GLC analyses 
were performed with a Shimadzu gas chromatographer, GC-2010. 
 
General procedure for reduction of aromatic compounds 
To the mixture of substrate (20 mg, 0.20 mmol) (Wako), Raney Ni–Al alloy (50:50 wt%) 
(Wako), Al powder (500 wt%)  (53–150 µm, 99.5%) (Wako) and Pt/C, Pd/C, Ru/C and Rh/C 
(20 mg) (4.5 mole % metal) was added water (0.5 mL) (Wako distilled water). After heating 
at 60–120 °C for 6–12 h, the mixture was cooled to room temperature. The solution was 
diluted with 1 mL of water and then stirrer for overnight at room temperature in a sealed 
tube. After 24 h, the solution was extracted with diethyl ether (2 mL×3) following the 
reported procedures.49 The organic layer was combined, dried with MgSO4, filtered through a 
cotton layer and concentrated in vacuum to give the corresponding hydrogenated product. 
The yields were determined by GLC analysis by using the standard compound (1,2,3,4-







Ummey Rayhan                                                                                                    Saga University, Japan 




Table 4 Entry 1 
 






      Rate (°C /min) Temperature (°C) Hold (min) 
1 - 35 - 
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Table 5 Entry 1 
 
Reduction of phenylacetylene using Ni-Al, Al powder and Pt/C in H2O at 60 °C for 12 h   
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Chapter 5 
Reduction of Aromatic Compounds with Al Powder using Noble 







In water, Al powder becomes a powerful reducing agent, transforming in cyclohexyl either 
one or both benzene rings of aromatic compounds, such as biphenyl, fluorene and 9,10-
dihydroanthracene under mild reaction conditions in the presence of noble metal catalysts,  
such as Pd/C, Rh/C, Pt/C or Ru/C. The reaction is carried out in a sealed tube, without the 
use of any organic solvent, at low temperature. Partial aromatic ring reduction was observed 
when using Pd/C, the reaction conditions being 24 h and 60 °C. The complete reduction 
process of both aromatic rings required 12 h and 80 °C with Al powder in the presence of 
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5. 1. Introduction 
 
The reduction of aromatic ring is a useful and important technique for obtaining a variety 
of cyclohexane derivatives. Because of the stabilization of the aromatic ring by resonance 
hybridization, aromatic hydrocarbons are seldom hydrogenated at room temperature over 
base metals and palladium catalysts.1 However, at elevated temperatures and pressures most 
aromatic hydrocarbons are hydrogenated without difficulty over nickel and cobalt catalysts.2–
4
 Over ruthenium and particularly, over rhodium and platinum, benzene and its derivatives  
are hydrogenated at considerable rates, even at room temperature.5–7 Previously reported 
methods for developing cyclohexane rings from arenes are classified into two types of 
reactions:  
One is the reduction with greater than stoichiometric amounts of reducing agents, such as 
LiAlH4, borane derivatives8–11 or dissolving metals (Birch reduction).12–13 These reagents are 
moisture-sensitive and the reaction should be conducted under anhydrous, strongly reducing 
and basic conditions. These reaction conditions cannot be tolerated by some co-existing 
functional groups, such as esters and ketones. Moreover, large amounts of metal waste are 
produced from the reducing agents in these reactions.  
Another one is hydrogenation with a transition metal catalyst, which is a simple, 
convenient and sustainable method.14–15 Although some homogeneous catalysts promote 
arene hydrogenation efficiently,16–17 the presence of residual metal in the products makes the 
industrial application of this method difficult. On the other hand, the hydrogenation of arenes 
through the use of heterogeneous metals (Ni, Rh, Ru, Pt and Pd)15 has some advantages, such 
as easy handling, lesser metal contamination in the products and reusability, which would 
make it suitable for industrial production. 
Catalytic hydrogenation of organic compounds with catalysts and hydrogen gas is one of 
the most useful methods in the field of organic synthesis.18–20 It was reported by Tashiro’s 
group that aromatic compounds were reduced to the corresponding cyclohexane products in 
high yields, by using Raney Ni–Al.21 Recently, Maegawa et al. reported the convenient 
reduction of aromatic compounds by a hydrogenation procedure based on the use of 
heterogeneous platinum group catalysts. Rh/C is the most effective catalyst for the 
hydrogenation of the aromatic ring, which can be conducted in iPrOH under neutral 
conditions and at ordinary to medium H2 pressures (< 10 atm).22 They also reported the 
solvent-free and solid-phase hydrogenation of various reducible functionalities which was 
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effectively catalyzed by heterogeneous palladium on carbon (Pd/C).23 Palladium catalysts 
embedded on molecular sieves (MS3A and MS5A) were also developed for the 
chemoselective hydrogenation.24  
Wang et al. developed polymeric mesoporous carbon graphitic nitrides (mpg-C3N4) and 
ordered mesoporous graphitic carbon nitrides (ompg-C3N4), which were used to prepare 
palladium catalysts (Pd@C3N4). These catalysts demonstrated excellent activity and 
selectivity for hydrogenation of quinoline to 1,2,3,4-tetrahydroquinoline under mild 
temperature (30–50 °C) and H2 pressure (1 bar).25 A green approach was reported about the 
hydrogenation of bisphenol A (BPA) utilizing a special Ru catalyst in water medium.26 
Utilization of water as a chemical reagent is an essential aspect of Green Chemistry.27 Water 
has many advantages as a solvent for organic reactions from the aspects of cost, safety, 
operation simplicity and environmental concerns as compared to the use of an organic 
solvent.28–30 
In the above-mentioned literature, different aspects of aromatic ring reduction were 
discussed. In present study, the reduction of aromatic compounds using Al powder with 
Pd/C, Rh/C, Pt/C and Ru/C was investigated in water under atmospheric pressure at lower 
temperature. Biphenyl, fluorene and 9,10-dihydroanthracene were selected because they were 
employed as model compounds in pioneering works. 21–22, 31 To the best of our knowledge, 
there is no literature referring to any partial and complete aromatic ring reduction technique 
utilizing Al powder with these catalysts at lower temperature in water. In this chapter, new 
method for partial and complete aromatic ring reduction is developed using Al powder with 
commercially available Pd/C and Pt/C, respectively.  
 
5. 2. Results and Discussion 
 
  In the present research work, the reduction of biphenyl was investigated without using 
any alkaline solution, isopropyl alcohol or any extra hydrogen pressure at lower temperature. 
To acquire the optimized reaction conditions (i.e. catalysts, reaction time and temperature), 
hydrogenation of biphenyl was carried out using Al powder at 60 °C for 12 h in water in a 
sealed tube; hydrogenation was not initiated. Prolonging the reaction time (24 h) and 
increasing the reaction temperature at 120 °C (12 h) afforded the same results. 
Hydrogenation proceeded in the presence of a co-catalyst (Pd/C, Rh/C, Pt/C or Ru/C) and the 
results are shown in Table 1.  
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Al powder/ 
co-catalyst
       H2O,  ∆
in  the sealed tube1a
2a 3a
 




Reduction of biphenyl (1a) by using Al powder in H2O in the presence of co-catalyst.a,b 
Entry          Co-catalyst
 Yield [%]d
                                            recovery


























































aSubstrate: 20 mg (0.13mmol), co-catalyst: 4.5 mol% (metal), Al powder: 100 mg (500 
wt%), H2O: 0.5 mL. bCondition: time: 12 h, ctime: 24 h.  dThe yields were determined by 
GLC. 
The benzene rings of biphenyl were reduced to afford a mixture of cyclohexylbenzene (2a) 
and cyclohexylcyclohexane (3a) in 10 and 84% yield, respectively, along with the recovery 
of biphenyl (1a) in 6% yield at 60 °C using Pt/C. Consequently, both benzene rings of 
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biphenyl (1a) were successfully reduced to obtain cyclohexylcyclohexane (3a) in quantitative 
yield by increasing the reaction temperature to 80 °C (Table 1; entry 3). When Pd/C and 
Rh/C were used as co-catalysts under the same reaction conditions, the partial reduction of 
biphenyl (1a) afforded cyclohexylbenzene in 54–60% yield (2a) along with the recovery of 
the starting compound (1a) (Table 1; entries 4, 5, 7). In the case of Ru/C, only 35% of the 
compound 2a was observed under the used reaction conditions.  Thus, it could be noted that, 
the Pt/C catalyst has a higher activity than Pd/C, Ru/C and Rh/C (Table 1; entries 5–7). 
For obtaining partial reduction of biphenyl using Pd/C and Rh/C the reaction time was 
increased to 24 h. In the case of Pd/C, cyclohexylbenzene (2a) was obtained in 91% yield at 
60 °C while Rh/C afforded cyclohexylcyclohexane (3a) in quantitative yield under the same 
reaction conditions (Table 1; entries 8, 9). For the different catalytic activity of Pd/C and 
Rh/C they showed different selectivities to reduce the benzene ring of biphenyl (1a). 
 
The reduction kinetics was investigated using Al powder with the co-catalyst Pt/C, as it is 
the most powerful co-catalyst; the results are summarized in Table 2. It was observed that the 
yield of the desired compound 3a was increasing with time. On the other hand the maximum 
yield for 2a was found at 6 h (34%); after that, 2a was gradually converted to 3a with time, 
and quantitative yield was observed at 12 h. 
 
Table 2 
Reduction of biphenyl (1a) by using Al powder in the presence of Pt/C.a,b 
Entry              Time
                        (h)
 Yield [%]c
                                            recovery
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aSubstrate: 20 mg (0.13mmol), co-catalyst: 4.5 mol% (metal), Al powder: 100 mg (500 
wt%), H2O: 0.5 mL. bCondition: temp: 80 °C. cThe yields were determined by GLC. 
 
The hydrogenation of diphenylmethane (1b) was also investigated with Al powder in the 
presence of noble metal catalysts in water in the sealed tube under the same reaction 
conditions as those used in the case of biphenyl (1a). Both benzene rings of diphenylmethane 
(1b) were reduced with Al powder in the presence of Pt/C to afford bicyclohexylmethane 
(3b) in 88% yield along with the recovery of 7% of diphenylmethane (1b). Unfortunately, 
lower partial reduction products (2b) were observed when using Pd/C (28%), Ru/C (25%) 
and Rh/C (41%) as co-catalyst. It suggests that the lack of extended conjugation of 
diphenylmethane is responsible for the lower partial reduction. 
 




80 oC for 12 h






Scheme 2. Reduction of diphenylmethane (1b) by using Al powder in H2O in the presence of 
co-catalyst. 
 
In the presently developed method, the benzene rings of biphenyl and diphenylmethane are 
reduced for the first time by using noble metal catalysts and Al powder in water under mild 
reaction conditions without using any organic solvent at lower temperature under 
atmospheric pressure. Maegawa et al. also reported the reduction of diphenylmethane and 
other aromatic compounds by using Rh/C (10 wt%) catalyst under the high hydrogen 
pressure in isopropylalcohol as an organic solvent.22 
 
After that, partial reduction of various types of aromatic compounds was performed with 
the Pd/C catalyst under the same reaction conditions (Table 3). It is noteworthy that biphenyl 
(1a), possesses a flexible skeleton but the partial reduction proceeds in a high yield. In this 
case benzene rings are not in the same plane. It was observed that diphenylmethane 
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converted to lower amounts of cyclohexylphenylmethane (2b) along with large amount of 
recovery. Diphenylmethane slightly comes up to Pd/C metal surface because the rapid 
rotation of two phenyl groups centers methylene group. To ensure this, diphenylethane (1c) 
was further examined under the same reaction condition. The similar result was also obtained 
for one benzene ring reduction (2c, 45%) with recovery (55%) of the starting compound. In 
addition, fluorene (1d) and 9,10-dihydroanthracene (1e) afforded high yields of partial 
reduction  
 
Table 3   
Reduction of aromatic compounds (1) by using Al powder in the presence of Pd/C.a,b 























CH2 CH2 CH2 CH2
1e  2e
 
aSubstrate: 20 mg, co-catalyst: 4.5 mol% (metal), Al powder: 100mg (500 wt%), H2O: 0.5 
mL. bConditions: temp: 60 °C, time: 24 h.  cThe yields were determined by GLC.  
dIsolated yields are shown in square bracket. 
 
of one benzene ring owing to their rigid structure. Sajiki’s et al. developed special Pd 
catalysts and these catalysts achieved unique chemoselective hydrogenations of alkyne, 
alkene and azide functionalities of benzene derivatives under hydrogen atmosphere at room 
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temperature.24 In this case, commercially available Pd/C with Al powder give the partial 
reduction of aromatic compounds where water is the proton source. Recently, Wang et al. 
developed new catalysts using Pd and observed selectivity in the hydrogenation of quinoline 
to 1,2,3,4-tetrahydroquinoline at mild temperatures (30–50 °C) and under H2 pressure (1 
bar).25 But in this case extra hydrogen pressure was not applied to reduce the benzene ring. 
The fused aromatic compounds, such as fluorene 1d, 9,10-dihydroanthracene 1e, 
anthracene as well as diphenylether 1f and diphenylamine 1g are further investigated.  The 
results are compiled in Table 4. 
 
Table 4 
Reduction of aromatic compounds (1) by using Al powder in the presence of Pt/C.a,b 














 3a (100) [90]
  3b (88) [69]
 3d (81) [72]
 2b (5)

























aSubstrate: 20 mg, co-catalyst: 4.5 mol% (metal), Al powder: 100mg (500 wt%), H2O: 0.5 
mL. bConditions: temp: 80 °C, time: 12 h. cThe yields were determined by GLC. 
dIsolated yields are shown in square bracket. 
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Fig 1. Reduction of fluorene (1d) by using Al powder in H2O in the presence of co-catalyst. 
 
 
Fluorene (1d) was treated under the similar reaction conditions. From the figure 1, it was 
found that Ru/C catalyst is the most inactive for the hydrogenation of the benzene ring. 
Compared to biphenyl, both Rh/C and Pd/C are effective catalysts for fluorene reduction. 
The Pt/C catalyst has almost the same reactivity as that of the biphenyl (1a). It is also 
reported that fluorene (1d) is converted principally into hexahydrofluorene (3d) over Pd-
Al2O3 (71% yield) and into perhydrofluorene over Rh-Al2O3 (72% yield) in decalin at 200 °C 
and 7 MPa H2.33 Pt-Al2O3 showed a much lower activity under the same conditions. 
Treatment of fluorene (1d) with Raney Ni under refluxing toluene in the presence of 
triethylamine leads to the exclusive formation of cis-hexahydrofluorene.34 After that 9,10-
dihydroanthracene and anthracene were treated with the metal catalysts under the same 
conditions described above. In the case of 9,10-dihydroanthracene we obtained 97% yield of  
the reduction product (3e) of both benzene rings. Unfortunately, lower yields were obtained 
from anthracene in these conditions. The yields of tetradecahydroanthracene (3e), 
octahydroanthracene (2e), and 9,10-dihydroanthracene (1e) were 43.4%, 49.4%, and 1.2%, 
respectively, with 6% recovery of anthracene. When the reaction time was increased to 24 h 
at 80 °C, tetradecahydroanthracene (3e) in 97% yield and octahydroanthracene (2e) in 3% 
yield were obtained. It is also reported that, anthracene is hydrogenated over copper-
chromium in ethanol at 100 °C or in decalin at 150 °C applying extra hydrogen pressure 
through the formation of 9,10-dihydroanthracene.35–36 
 
 Furthermore, heteroatom-containing aromatic compounds diphenylether and 
diphenylamine is reduced by using Al powder with Pt/C. In our conditions, diphenylether 
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gave small amount of benzene ring reduction, but it produced cyclohexanol in higher yield. 
Interestingly, in the case of diphenylamine, we achieved a higher yield of dicyclohexylamine 
along with cyclohexylamine and cychohexanol under mild reaction conditions, as previously 
reported.37 
 
5. 3. Substituent Effects of Biphenyl 
 
Finally, the substituent effect of biphenyl was examined to obtain the complete reduction 
product by using Al powder with Pt/C under the same reaction conditions. High yields (83%) 
of benzene ring reduction product was obtained with cis and trans products for 4-
methylbiphenyl. In the case of 4-methoxy- and 4-tert-butylbiphenyl the yield of 3 decreased 
to 20 and 45% yield. In fact, for 4-methoxybiphenyl, we have also observed the formation of 
compounds 1a, 2a and 3a under the conditions used. These results strongly suggest that the 
presently developed reducing agent not only reduces the benzene ring, but also cleaves the 
polar C–O bond. In the case of 4-tert-butylbiphenyl comparatively higher yields (48%) of 4-
tert-butylcyclohexylbenzene was obtained. Because of the steric effect of the tert-butyl 
group, the benzene ring directly attached to it cannot be easily reduced on the catalyst’s 
surface.  We also observed only one compound, which is 4-tert-butylcyclohexylbenzene, by 
spectroscopic analysis. It can be assumed that another benzene ring, which bears no tert-
butyl group, can be easily reduced; chemoselectivity was observed. Moreover, as tert-butyl 











Scheme 3. Reduction of substituted biphenyls (1a) and (1h–1j) by using Al powder in the 
presence of Pt/C. 
Al powder/ Pt/C
in H2O
80 oC for 12 h
in  the sealed tube
R
R R
1a; R = H
1h; R = CH3, 
1i: OCH3
1j; C(CH3)3
2a; R = H
2h; R = CH3, 
2i: OCH3
2j; C(CH3)3
3a; R = H
3h; R = CH3, 
3i: OCH3
3j; C(CH3)3  
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Table 5  






Entry          Substrate(1)
 Yield [%]c
                                      recovery


















aSubstrate: 20mg (0.13 mmol), co-catalyst: 4.5 mol% (metal), Al powder: 100 mg (500 
wt%), H2O: 0.5 mL. bConditions: temp: 80 °C, time: 12 h. cThe yields were determined by 
GLC. dcis- and trans-Isomers were obtained. 
 
metal surface to give the high yield of the reduction product of both benzene rings. From 
these results we can conclude that the approach of the substituted biphenyl towards the 
highly porous surface of the Pt metal catalyst depends on the substituent (Scheme 3, Table 
5). 
 
5. 4. Conclusion 
 
In conclusion, an efficient and practical hydrogenation method of aromatic compounds has 
developed using Al powder with noble metal catalyst in water under mild reaction 
conditions. Without using any organic solvent, Al powder with Pd/C is effective for the 
selective hydrogenation of one benzene ring and Al powder with Pt/C gives the complete 
hydrogenation of aromatic compounds. The hydrogenation product yields strongly depended 
upon the temperature, volume of water and amount of the metal catalysts used. The 
hydrogenation process is operationally simple and no harsh reaction conditions (i.e. elevated 
temperatures, high pressures, a hydrogen atmosphere, an inert gas atmosphere or special 
apparatus) are required.  
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5. 5. Experimental Section 
 
Materials and apparatus 
All melting points are uncorrected. 1H NMR spectra were recorded at 300 MHz on a 
Nippon Denshi JEOL FT-300 NMR spectrometer in CDCl3 with Me4Si as an internal 
reference. IR spectra were measured as KBr pellets on a Nippon Denshi JIR-AQ2OM 
spectrometer. Mass spectra were obtained on a Shimadzu GCMS-QP5050A Ultrahigh 
Performance Mass Spectrometer AOC-20I, 100V using a direct-inlet system. GLC analyses 
were performed with a Shimadzu gas chromatographer, GC-2010. 
 
General procedure for reduction of aromatic compounds 
To the mixture of substrate (20 mg, 0.13 mmol ) (Wako), Al powder (500 wt%)  (53–150 
µm, 99.5%) (Wako) and Pt/C, Pd/C, Ru/C and Rh/C (20 mg) (4.5 mole % metal) was added 
water (0.5 mL) (Wako distilled water). After heating at 60–80 °C for 12–24 h, the mixture 
was cooled to room temperature. The solution was diluted with 1 mL of water and then 
stirrer for overnight at room temperature in a sealed tube. After 24 h, the solution was 
extracted with diethyl ether (2 mL×3) following the reported procedures.32 The organic layer 
was combined, dried with MgSO4, filtered through a cotton layer and concentrated in vacuum 
to give the corresponding hydrogenated product. The yields were determined by GLC 
analysis by using the standard compound (1,2,3,4-tetrahydronaphthalene) and products were 
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GC and GC Mass Spectra 
GC of Table 3: Entry 1 
 
Reduction of biphenyl by using Al powder and Pd/C in H2O at 60 °C for 24 h 
 
GC condition: 
      Rate (°C/min) Temperature (°C) Hold (min) 
1 - 100 - 
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GC of Table 3: Entry 2 
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GC of Table 3: Entry 4 
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GC of Table 4: Entry 5 
 
Reduction of diphenylether by using Al powder and Pt/C in H2O at 80 °C for 12 h 
O O
OH
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GC of Table 4: Entry 6 
 
  Reduction of diphenylamine by using Al powder and Pt/C in H2O at 80 °C for 12 h 
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Summary 
  An essential aspect of Green Chemistry is to utilize water as a chemical reagent such as a 
hydrogen and oxygen source or an alternative to organic solvents. Water has many 
advantages as solvent from the aspects of cost, safety, simple operation and environmental 
concerns as compared with another organic solvent. Many organic reactions such as the 
Diels-Alder reaction, Pinacol coupling and Aldol reaction along with others were reported. 
The catalytic hydrogenation of organic compounds with catalysts and hydrogen gas is one of 
the most useful methods in the field of organic synthesis. Homogeneous catalysts do efficient 
promote arene hydrogenation but residual metal in the products makes industrial application 
difficult. On the other hand, hydrogenation of arenes through the use of heterogeneous metals 
like Ni, Rh, Ru, Pt and Pd has some advantages such as easy handling, lesser metal 
contamination in the products and reusability, which would make it suitable for industrial 
production. 
At the beginning, it is informed that carbonyl group reduces to the corresponding 
methylene units by using commercially available Raney Ni–Al alloy in water in the sealed 
tube under mild reaction conditions. Benzophenone is easily reduced to diphenylmethane in 
high yield at 60 °C for 3 h using Raney Ni–Al alloy. The substituted benzophenones are also 
investigated under the same conditions. 4-Methylbenzophenone and 4-
Methoxybenzophenone showed the carbonyl group reduction product in high yield 
respectively. Because of the steric hindrance of tert-butyl group, 4-tert-butylbenzophenone 
produced negligible amount of corresponding diphenylmethane derivative along with the 
recovery of starting compound. For the electronegative substituent, dehalogenation is 
occurred in the case of 4-Chlorobenzophenone with large amount of recovery under the 
conditions used. The outcome of the reduction depends on the substitution pattern of 
benzophenone.  
Moreover, both aromatic rings of benzophenone are reduced by the addition of Al powder 
and Pt/C co-catalyst with Raney Ni–Al alloy. It is observed that 80 °C for 18 h is good 
condition for the reduction of both aromatic rings of benzophenone. Furthermore the 
substituent effect of benzophenones is explored to obtain the complete reduction product by 
using above catalysts with same reaction conditions. High yield of both aromatic ring 
reduction is obtained with cis and trans products for 4-Methylbenzophenone along with low 
yielded 4-Methyldicyclohexyl-methanol. In the case of 4-Methoxybenzophenone high yield 
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of 4-methoxydicyclohexyl-methane (cis & trans) as well as dicyclohexyl-methane is 
achieved. These results strongly suggest the presently developed reducing agent not only 
reduces the aromatic ring but also cleaves the polar C–O bond. In case of 4-tert-butyl 
benzophenone, complete reduction product 4-tert-butyl-dicyclohexyl-methane is obtained at 
lower yield. Beside this 4-tert-butyldicyclohexyl-methanol is also conquered due to the steric 
hindrance of tert-butyl group. Dehalogenation is occurred with the formation of 
diphenylmethane, cyclohexylphenylmethane and dicyclohexylmethane from 4-
Chlorobenzophenone. 
Beside this, reduction of various types of ketone is investigated by using the above 
catalysts under the same reaction conditions. For the rigid structure of fluorenone, 
comparatively low yield of both aromatic ring reduction products is obtained. In this case 
both of carbonyl group and hydroxyl group containing aromatic ring reduction products are 
acquired. Moreover, for the flexible structure of benzyl phenyl ketone and benzil, high 
yielded of 1,2-dicyclohexyl-ethane is afforded along with the formation of 1,2-dicyclohexyl-
ethanol. Diphenylmethanol also showed the same reduction pattern producing dicyclohexyl-
methane and dicyclohexyl-methanol. It is concluded that, the approaching of different types 
of ketone towards the highly porous surface of the Pt metal catalyst depends on the 
substituents.  
 
Next, Raney Ni–Al alloy with Al powder is reported as effective catalyst for the reduction 
of alkyne group of phenylacetylene to the corresponding ethylbenzene. Highest yield of 
ethylbenzene is obtained at 120 °C for 6 h from phenylacetylene. After that the reduction of a 
series of 4-substituted compounds such as methyl, methoxy and tert-butyl phenyl acetylene 
are investigated under the similar reaction conditions. All these substituent afforded excellent 
yield at 60 °C for 6 h using the same catalysts. Furthermore, Al powder and Pt/C co-catalyst 
is added to Raney Ni–Al alloy to increase the catalytic activity for the reduction of aromatic 
ring. 60 °C for 12 h is obtained as the best condition for the reduction of the aromatic ring of 
phenylacetylene. The para substituted compounds are examined to observe the substituent 
effects. For methyl substituent’s aromatic ring reduction with cis and trans products is 
acquired in high yield. In the case of 4-methoxy phenylacetylene aromatic ring reduction 
product is obtained with the removal of methoxy group. This catalytic system not only 
reduces the aromatic ring but also cleavage the polar C–O bond. For tert-butyl group lower 
yielded aromatic ring reduction product is acquired. Because of the bulky tert-butyl group, it 
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cannot approach parallel to the metal surface to give the high yielded aromatic ring reduction 
product. Diphenylacetylene, trans-stilbene and diphenylethane are carried out under the 
similar reaction conditions. These compounds also give high yielded aromatic ring reduction 
product. 
Finally, the reduction of aromatic compounds such as biphenyl, diphenylmethane, fluorene 
and 9,10-dihydroanthracene is performed using Al powder with noble metal catalysts in 
water under mild reaction conditions. In water, Al powder becomes a powerful reducing 
agent, transforming in cyclohexyl either one or both benzene rings of aromatic compounds in 
the presence of Pd/C, Rh/C, Pt/C or Ru/C. The reaction is carried out in a sealed tube, 
without the use of any organic solvent, at low temperature. Partial aromatic ring reduction 
was observed when Pd/C, the reaction condition being 24 h and 60 °C. The complete 
reduction process of both aromatic rings required 12 h and 80 °C with Al powder in the 
presence of Pt/C. Al powder with noble metal catalyst in water generates hydrogen gas and 
the active catalyst’s surface to give selective reduction as well as the complete reduction of 
aromatic compounds. 
  
In this thesis I have succeeded to reduce carbonyl group of benzophenone to the 
corresponding methylene units of diphenylmethane by using commercially available Raney 
Ni–Al alloy in water in the sealed tube under mild reaction conditions. Furthermore, Al 
powder and Pt/C co-catalyst is added with Raney Ni–Al alloy to increase the catalytic 
activity for the reduction of aromatic rings of benzophenone. Moreover, alkyne group of 
phenylacetylene and aromatic ring is reduced by these catalysts under mild reaction 
conditions. On the other hand, Pd/C-catalytic reduction of partial aromatic ring is observed in 
the presence of Al powder. Also the complete reduction process of both aromatic rings 
required Al powder in the presence of Pt/C.  
 
In the present work the carbonyl group, alkyne group and aromatic rings are hydrogenated 
in high yield in water under mild reaction condition by heterogeneous catalytic 
hydrogenation. Without using any organic solvent and any special apparatus a new reduction 
method is developed. 
 
 
